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PREFACE 


It is a curious fact that» while no artist or musician is expected to 
excuse himscK lor having painted a new picture or composed an 
original opus, long-establislrcd custom demands that autliors should 
apologize for having wTitteii new books. We have the less hesita¬ 
tion in avowing a conventional diHidenco, in that sevci*al excellent 
textbooks of incjrganic and theoretical chemistry arc already in 
existence, and it may therefore scc‘m a work of supererogation to 
increase still further the mass of didactic chemical literature. We 
felt, however, that a fresh niftlunl of prest iitaiioti might be welcome 
to teacher and student alike, for many years of educational experi¬ 
ence have convinced us that the success of the former and the 
progress of the latter are alTecled to an extraordinary degree by llic 
way in whidi the subject is n]>pronrh<*\!. 

In the present book—whicli is designed to meet the needs of 
candidates lor pass and honours degrees and for university entrance 
scholarships—we have tried to show lliat it is l)ecoming possible to 
trace the connection between the various branches into which 
chemistry has long btvn divided, and to see the subject as a whole. 
In particular, inorganic chemistry can be undcistood only when 
the physico-chemical principles have lieen thoroughly mastered. 
Modern advances m theory, more especially in the field of valency, 
have revolutionized the very csstnice of inorganic chemistry, and 
must now lie incorporated in the textbooks; they can no longer In* 
lelegated to a chapter at llie end. but demand full embodiment in 
the page-by-page narrative. 

Every year sees an inciease in the load that the student of 
chemistry is expected to carr\' in his memory. We liave therch^re 
attempted to exclude unessential detail, and to give explanations 
—where any arc known—of the reactions and jihcnoniena described. 
Our choice of industrial prcxrcsses has been governed by considera¬ 
tions of practical importance or theoreliral interest, and we have 
been at pains to make our accounts of such processes as up to date 
as possible. We have also tried to give an adc(juate treatment of 
those elements, such as vanadium and titanium, that, though called 
' rare/ are actually comparatively abundant. 

We have pleasure in expressing our sincere thanks to tlie Council 
ot the Royal Society, Sir William Bragg, b'.R S., and Dr. Blackett, 
tor permission to use certain photographs: to Mr. Zvegintzov, for 
valualde information; and to Miss L. D. Long for assistance in 
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pro paring the Name Index. We also gratefully ar knowledge our 
indebtedness to Mellor’s Coml^rchcn.Kive Treathe, Abegg's Ilandbuch 
dcr anorf’anischrn (Uirmie, Vaiuno's Priiparaiivc Chemic, and Sidg- 
wick's Electronic Theory oj Valency. 

F. A rrilLHRlCK. Rnyhy Scnnol. 

E J. HOLMYARIJ, Cljltoii College. 


PREPACK TO 1040 EDITION 

Titk continued <lenjand lor this book cncouragc<i us to piepar^ a 
new edition. During the sevcnlecn years that have elapse<1 since* 
the book was first published many imiM^rtant a<lvcinccs have Ikcu 
made in theoretical an<l inorganic chemistry, and we feit it neecssan* 
to rewrite much of the te.\t in onler to bring it into consonance with 
modern knowledge and views. As imc of us (K. A. I^) was unable 
to take an active share in the revision, wc invited, and were fortu 
natc rnfuigli to .secure, the collHtx)ration of Dr. W. (t. Halmor. 
M.A., Sc.D., Tellow of St John's Odlego, Cam bridge. The revision 
of Part li is entirely tin* work of Dr. Piihuer. wiio uUc) gave mueli 
valuable lielp and advice \dth Part Ill. Wc hope tliat in this new 
edition the book may continue to serve the ntH.'ds students of 
chemistry. 

We should like to express our thanks to Mr Cliarles l^^r*—the 
publisher’s press-reader—for the extreme but chararteri>tic care 
with which lie scanned the pnwfs, and to Miss Pam< la Hrett, I).A., 
who cheer billy undertook the lengthy and tedious task of ro-muking 
the indexes. 

F A. rilU.HKK'K. 
b- J. lIOLMVAlUr 


PREFACE TO NEW EDITION 

Dvkikg the lust seven years inorganic chemistry has iK'niTitcd from 
noteworthy advances lH>th in factual knowledge and in theoretical 
conceptions. These advances have not only widened the boundaries 
of the science but have in many cases led to different interpretations 
of facts already known, and to a reorientation of outlook. For the 
p«rpi»ses of a new edition ol this book it was therefore necessary to 



rRKVA(‘li 


vit 

undertake very considerable revision of the text of Part III m order 
to prune away outmoded matter and to incori>orute significant 
mo<lcrn information. To be of real value, a textbook must make a 
judicious selection of material, must be acairate in supplying up-to- 
date knowledge, and must reflect the contemporary thought (and 
nomenclature) in the science with whicli it deals. It is hoped that 
this revised text will l>i* found to have kept these reejuirements 
always in view and to have come reas<mably close* to meeting them. 

Mr. Philbrick recently died, at a comj.>;irativcly early age, and the 
w'ork of revision lias btH.‘u curried out entirely by Dr. W, (1. Palmer. 

E. J MOLMYAKD. 
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PART I 


HISTORICAL INTRODUniON 

Tun Object anti dud End of Chymislry/ wrote Pierke Joseph 
Macquku (xyiS'S-i), ' is to ^cpaiale the tiiffcrcut substances tiiat 
enter into the coinjHwition of btxlies; lo examine each of tliem 
apart; to discover their pnjperties and rdations; to decompose 
those very substances, if possible; to compare them together^ and 
combine them with others; to reunite them again into one body so 
as t<‘ rcprtiducc Uie original compound with all its properties; or 
c\ tin to prcMhicc new rom]K>inids that never existed among the works 
(if Niiturc/ Though these words were written ntMrly two centuries 
ago, It would be difficult to frame a more lucid or more accurate 
definition of that most fascinating of all sciences, which has ca])- 
livated untold immbtrrs of the finest human inielligcnces and U|Kai 
wliH h civilisation itself ultimately rests. 

The story of the origin and development of chemistry is not a 
subject of mere antiquarian interest. An adequate knowh^dgo of 
it is an indispensable part of the equipment of any chcmi>t who 
aspires to make notew^orthy advance in chcinu'al disco\ory or 
even to maslci the science as it is t^wla 5 ^ It is a significant fact 
that, almost without exception, the ptominent landmarks on tlic 
chemical high road were set up by men dee])ly versed in the 
discoveries and ideas of their pretlccessors. JJoyle, Dai-Ton, 
PiUESTLEY, Lavoisiek, Bekzf.uus, Likbig, Kekuee, van't Hovf, 
Akuhenius, and Ramsay— to name only a few of the gicQt geniuses 
ol chemistry—were all serious students of ciiemical history; and 
it would be hard to over-estimate tlie part that this study played 
in fecundating and maturing their scientific work, wliether 
speculative or practical. 

The reason is not far to seek. Chemistry, like other ex[>erimental 
sciences, is of a twofold nature. Before the woof of facts can form 
a coherent fabric, it must lie woven across the warp of theory; 
both are necessary and each is dcijcndent on the other. There 
have been periods in the history of chemistry when tlicory and 
practice were widely divorced, and in such periods practice has 
degenerated into an empirical craft while tlieory has become a 
barren philosophy. At the present time, new chemical facts apjx^ar 
in myriads every year Any man or woman ol reasonably good 
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intelii^'cnce can be traiju^l in a few years to carry out original 
research; the jounials of Icsirned societies distend ominously, and 
the archives suffocate with the press of unpublishecl, though doubt¬ 
less meritorious, communications. Facts in themselves—however 
numerous, however well authenticated, liowcver well known- 
may have little or no importance. The increase in weight that 
met ills undergo on calcination was known for many hundreds of 
years before Lavoisii:u made it a lever with which to overtlirow 
the whole theoretical structure of eighteenth-century chemistry. 
CAvnNOisH’s observation that a minute fraction of atmospheric 
nitrogen could not Ik* nnide to combine with oxjgen under the 
influence of the electric s])ark remaincil an isijlnted and therefore 
unimportant fact for over a century. Farts become important 
when integrated into some comprehensive st'hemc, when informed 
by some far-reaching thcKiry, when S4*t harmoniously in th<* .structure 
of some broad ccmccpl; since thus the way is prepared for a greiit 
stride in advance—a stride that c<aild never have been aclncvecl 
by the mere chaotic collection of facts (jm facts. 

The ability to perceive a fundamental cunnection between facts 
that are apj^arcntly unrelated is. in its higlily-dewlopcd form, a 
mark of genius. To some extent, however, it is conunon tn all 
of us, and it is an ability that may bi' trained and cultivated. 
Entirely original iclca.s arisi' much less frtHjucntly than is s<niv'- 
times supposed, in science as in other <Ic{>artne'nls of ImiiMii 
intellectual activity. Though they arc now ajiplicd to very 
difh'rent matters, many of tlic idca’^ at ]>rescnt current in chemisliy 
may be closclv parallded in the Ncopiatonist natural {>hilosophy 
of fifteen or si.xteen centuries ago, while the views of *vrtain iiK^dcrn 
physicists on the ultimate nature of the universe could have been 
accepted by Pt-Aio himself without serious viiilcncc to his 
philosophical scheme. 

The principal value of a study of the historv' of chemistry lies 
in the familiarity it gives us with the sporulalivc reflections of 
great chemists of the past. Such men as Boyle were the int ellectual 
jieers of our most celebrated contemporary chemists, and though 
the facts with which they were acKjuainted were iinmcasurably 
fewer than those that fill the j^ages of Mkilok and Beilstbin, 
their insight into the natural work I has been a |X‘rcnnial source of 
inspiration to later workers. In the long course of man's effort 
to interpret, and in some measure to control, the plicuomena of 
Nature, ideas have invariably proved a more pc dent weapon than 
technical skill. Tho chemist, therefore, wlulo poriecting the 
technique that provides the raw material <)f his science, will not 
neglect the invaluable trea.sury of ideas amassed hv his chemical 
forbears 
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There is a fiirtlier reason wliy an acquaiiitancx; with the main 
course oi the hustory of chemistry is not merely a ilesirahlc, but 
an essential, attribute of the pToj)eily-e<i\iippcd chemist. It is 
simply this: tliat a critical appraisal of the present is impossible 
without a just appreciation of the {lasl. However laudable un* 
questiuTiinfi submission to authonty may be in the disciple of 
a revealed religion or in the cili/cn of a slate, it is a serious blemish 
in the man of science. Dalton's anathema on Gay-Lussac and 
Avogadko delayed the progress of cheniLstry by nearly half a 
century. ' Thou canst iwit split an atom ' iK'caine a dogma, 
and <1ogma caniud be tolerated in scieiire. Science cun avoid 
sterility only if it is n*cogni7rd that scicntihc theory is always 
provisional but never final. The surest way for a chemist to arrive 
at an undorstauding oJ the (lieones he wieMs to-day is to trace 
their d<*velopincnt step by step, and to pn)ht by the s))eclade of 
dihcardetl theories whoso boncN lie bicaclitng by tbe roadside. 

The following sketch of the history of chemistry is designed to 
throw into ndiid 1 h<* pnnci|xil episcnles of that history, in order 
that the remaining (Mils ot the book may l)c seen in their true 
pcTspeclivc. It it fuliils us purpose, it will reveal present-day 
chemistry ns the latest phase a dynannr process, whose origin 
was coeval witli the birth ol civilization aiul whose end no man 
can liTcsec. 

The Main Periods ol Chemical History. 

WJulc sharp <leliinitali<>n is both iin|Kjvvible an<l nndesimhle, it 
IS convi'iiicnt to rcganl the development of cheiinsiry as charac- 
tcn7etl 1)V five inaiii i)rno«ls, viz.: 

I , The luvfuriral /Igc. 

z 'I'hc l*crtod o/ Aiv/trmy. 

J, . The Pf'rtoil of Ja/rocIiamsfrY 

4 . J he Pcriihl oj ( hemisfry,: 

5 . 7'hc MiHlcr}t Age, from Lavoisser and Dalton to (he present day. 

Karh pencil, however, passes impcTiepiiblv into that winch succeeds 
It, and it is no more [xissible to give a definite date for the transition 
than it is to say exactly when a child ceases to be a child and becomes 
a youth. 


Tin*: Empirical Ace 

The Origins 0 ! Chemistry.—There can l)e no doubt that the 
origins of chemistry are to be found in the technical arts and crafts 
of primitive civilizations. Tlie extraction of metals from their 
ores, the manufacture of gla«« and soap, the ails of painting an<t 
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dyeing, the preparation of perfumes, unguents, and cosmetics, tlio 
practice of mummirication, and similar accomplishments of early 
civilized man, all imply an extensive acquaintance witli the kind 
of facts on which chemistry is based. We may therefore reasonably 
call the sum of such knowle<lge the ‘ chemistry * of those remote 
ages, and it cannot be denied that the gc nius who first deliberately 
extracted copper from malachite is fully entitled to inclusion in 
the chomkal Valhalla. 

The question of the origin of civilization is, and is likely to 
remain, a subject for somewhat acrim<»uious discussion and con¬ 
siderable further invc'Sligrdion. Fortuilately there is no need ff)r 
us to enter the lists, since there could be no earlier stage of 
chemistry than the empirical, and this c<»ntiniK'd to exist well 
into the [vriod of written hisloricil rt'cord. The civjliTiations ul 
the ancient world—Egypt, Snmer and Akkad, Assyria, Rabykmia, 
India, and (*hina — all pos.sc‘ssed accoiiiplislied craftsmen and 
arti'^ans, and all (kmblless ma<le notable contributions to the 
st<jek of empirical cbemiial kinuvledgc. 

Egypt.—We cannot, however, dismiss the mailer in <|nitc‘ so 
summary a f.^shion, since mo<lcrn Euio(K’an chemistry has definite 
aflilialion to one of these civilizations, namely that (d ancient 
Egyi)t. How much it owes to the others is still conjectural; but 
the ju'illi fnun Ilehop<»lis to Heidelberg, fiom Mcnipliis to Man- 
chest(T, 110*4 like an unbroken thread across the cliait of chemical 
liistory. Though our estimates may ix>ssibly have to be revised, 
it seems that the Egvptiaii.s were a hard-headed, practical rare, 
more like the Romans than the Greeks, jireferring action to rcfiec- 
ti<ai, and caring little for those philohf>phiccil specnliitions so di’ar 
to classical Athens. They therefore made no contributions, that 
wc can discover, towards any system of chemical theory. On 
the other hand, they raised .such chemical industries as metallurgy 
and glass-making to a degree of efficiency without parnlicl in later 
times until the dawn of flic motlern jwriod; and tlioir skill in 
metallurgy in particidar was the ctmdition and tliu occasion of the 
effective birth of chemistry some centurnts later. 

Ill Egypt, the coinp;irativcly useless but extremely attractive 
metal gol<l had already acquirccl that factitious value which it has 
retained ever since. The reasons for this vagarj' nei*d not concern 
us -they wore very largely of a snperslilious nature—but it is 
hardly an exaggeration to say that chemistry^ as a science owes its 
existence to the esteem in which gold was held in the micient 
world. As acctmiplishcd metallurgisls, the workers in the labora¬ 
tories attached to the 1 Egyptian temples produced innumerable 
alloys, some of which closely rcsembletl gold in appearance. Tliough 
the craftsmen were probably far too shrewd to deceive themselves. 
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it wciiilfl havr been only m accDnhuire with human nature if tliev 
soinctiijus iniposcnl upjn oUkts less well uilonnod, passin^^ oli as 
gonmne gold what was only a spiarious alloy. Wh.devor ihe facts 
of tlie case» a legend anese to the lliat base metals could be 
Iransmiilcd inlo gold—and wjtli the dilfusioii fif that legend 
cl^onustrv ceasL'd to bo u mere e*mpirical craft, changing its honest 
fustian for ilic glittering rolx*s n| a chimerical art. ('hemistry, 
the an of Kgypl, or Khm ('the Wuck Land’)» btauinie indei‘d 
a dark and dulnous pursuit. 


lliK I'KRIOl) Oh AiCUKMV 


Philosophical Speculation. - Indore wo can understand the 
lieveloprnents ifiat led lo the su])p<jsed an ol gol<l.making, \vc must 
turn fi>r a tinu' U> the pliilos^tphie.al spmjlatitais of I lie Greeks. 
The f'lassiial atoinie iheoiy will lx* considered at a later stage 
(p. lUir mtineduite etuieeru is th(‘ ihcorv <d Auisivni.K (.V'^4 • 
I'.u) t)n the oonsniiition of mailer. Arisloth* supposed (hiit 
till' basis ol ih<* maierial world was a pttnuitve matter <if prnnn 
malcriit, wliich had, lu»\\ever, only a pc dent in! c.Hislence until 
iinpri'ssed with /w;w. h'onn is that wlueh gives to every Itodv 
its nulivuliMlit>'. In its simplest manifestation il gi\es rise to ilie 
’ |M>ur IClriin.iils/ hire. .Air, Water, and Larth, whtcli are dis¬ 
tinguished from one aiiolher hy tlinr 'I’lie lour primary 

rjiiahle’s ar<’ llie fluid, the <lry, the hot, and the I'old, and eneli 
j'letni III pos.sess<'s two td iIhmu. Hot and cohl, however, and 
fiind and drv, ale coni tarn's and euiinot l>e coupled; hence tlie four 
possible com hi na hi n IS of tliein in jiaiis are. 


flol ami tir\\ assigned to Ihiv. 
ffol ami /Itthf. asstgncHl to Air. 
(tiU mu/ ft ft III, assigm'tl to Waler. 
( <i/il antl tlty, assigiuxl \o ICaith, 


In oarli element one <Hialilv jinxloinmates over the other: in 
Larlh. drvness: in Water, cold; in Air, fliiiditv; ami in Fire, heat. 
N<‘ne ot the Irair eleinenls is unchangeable; they may [kiss intii 
(me another (InfHigh the medium of that (|uah(y which they jiossess 
in common. Thus Jiie may l^ass into air thnuigli the medium (jf 
heat, air into water through the medium of lluidity. and so on. 
Ah other suhslancos are <omjv»sc‘d ot all (he elements, and the 
proportion in which (he various elements <R'Cur in dilferent sub¬ 
stances is infinitely variable; hence the existence of sncli an enormous 
numlKT (d distinct compounds. Hut sino? each element e;in, as 
we have seen, iw lrans((»rined into any other, it folhms tlial any 
comjiound can likcw'isi? bt' Iraiisfurmod into any other hy s(jmr 
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device OT truattneiit lh:n will allMf flu* rel::ti\t* Uoiis between 

tlie eloinents of wlm b it i*> t-onipoxtl. Hero we have iUv ^"ertn of 
all thcone.s ol motallic tnin'^innt.tijon. H lead and f^old both 
ccnisiat nn-tvlv <d Ine, air, walei, an<l earth, all of whicli are nitcr- 
cDMvtTtiblr, wliy may tbr lonner metal uof l>o liaii^mutcd into 
llie latter? Such was the ^jiie'^lion with wliioli ^lueiation afU'V 
trencnilifjn o^ chemists lajiihmiKksI llie sivjiiks ;iiul jnsUlKd their 
ceaseless scarrh for the unattainalilc. 

Jt IS a curious fart that similar virw^s on tlic constitutiini ui 
niaUer arose — presumably inilo(M‘n<U*utly-• in China, tvon as 
early as the twdtth cimliuy n.c. the Chinese' |w*stn!ate<l live material 
principles of natural ofije* ts. T1m*hj five —' tlu* <jmii- 

let') were water, I in*, wothI, t^old. .iml earth. ' Water is that 
whidi soaks and deM"eiuls: (in? is that which blar.os and as*'Tuds; 
woo<l thill wliidi Is stniipht and crooked ; j:<jld tliiit which obeys 
and chiiii^os; and eaiih tlnd whic h is of iih.< tor seecbso\s and 
harvest. 'I'luil wliieli soaks ami d<*M.vnds Ix-i'onvs salt; that v\hiLh 
hlaras and ascends Imoiuc’s lni(<*i, th.it wlneji is (rcfoked and 
slraii'lit bec(jnies sour; that which r»inys and iJiaiujes iu*i:onu> 
acrid; and irom sced-.sowinp, •incl li;uve.st conu*^ swisdiicss.* * 
laitcT on, peiha])s alxiiit the liflh or lourlh (Uiitniv n.('.» llie 
si’ientilic nt>tion of Vin and oi the two contrar\' )>i inciplcs, 

iiptwars to have Ix’conie <*st.ibli''li<'ii in t'hiiiis. Acccndin^' to this 
plnlo'‘0})hy, the entire univeisi' was identical in substance and was 
animated and dominated by a ct».sunc soul, manife.stin^ ilsell in 
the ihial forces of Yni and Vaiii*. Vin oii^dnallv refer icmI in the 
obscuration ot Die sun by clouds, while Van,.4 bi;:mli<'d flie bnj;ht 
asjicct of banners fliittenni' at sonnse. Soon, he>wever, Viii was 
rc^'arded as the female element, typifyiu^^ the nna<‘ material and 
undesirable phenomena of Nature, while Vani' iH’c.tnio the male 
clement, representative of the mon* spn ilu,d aiul desirable •piahties 
All niinerals and metals- like every other sub^lance—weie sup* 
]K)scd to be snbstantirdlv the same, but diflered in projnrrtics ni 
proportion to their |•elatlve iiilusion with Vtu and Vane. Ikisc 
metals mi^ht tberefore be trausnmttxl into pHxioiis metals by the 
dual method of eliminutini* the moie material Vin (pialities in then 
composition, and by aui^ancnting or refinint^ tlur more spiritual 
Vang qualities. 

In India, sj^cculalums ot a comparable nature inav be lound in 
the ancient writings, and to the K*st ol our kiU)wlcdge they w'cre 
indigenons. The philosophy ol llie lime apjx'.iis to have tended 
invariably tcfwanis an inter] >re tat ion of the structure ot the world 
in terms of qualities rntliei than of distinct and di><'rete material 

' D.ivis auil L.u Ch’ian^j VVu, CUinrsc AUbcaiy, intsHO/u Motu^ly 
31. 22b. 
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sub'll an a’S, Coultl one have c|hc.'>Uoiu;d a chemist oi the fourlli 
century H.c. as U» liis fuiulamciital couvirtioiis of Iho nature of 
jjoUl, he would pn^bably have replied that, below or behind tlie 
(juaUtics that apix‘al to iUr senses, thcie is an amorp>hous, plastic, 
colourless, inrhoaie * metallic * matenal, upon which, in tl^c case 
ot p'old, have been (he (]nalilies of y^*lh*wucss, iu'aviiiess, 

nojj-corrodibilitv, ami so on. These qualities he would have 
je^arcled as iude|)eiulenl ol one another, so (hat the yditjwncss, 
for instance, mi^ht be lumoved without aflecting the otIuTS. A 
different metal, sucli as nnqxr, would have the same underlying 
material, but a <li0erenl 'Ct of qualities; and so for iron, 

silver, aiul the reiu.iiuing metal«- 

If wc return to Akistoii.k, wv shall find that, as a minor develop)* 
men I o( his theory of the loair l^leniciUs, he pul forwaid ci hypo¬ 
thesis that <'xerte<l upwm the futme ilcvelopmeut of chemistry an 
influence (»ut of all due pro|>oition to its real value. In his 
Mdvorolooira he suggested that the inimcdinte constituents of 
minerals anti metal.s are two * eNlialalious/ one an * earthy 
smoke ' aiul the oilier a ‘ w.ilcrv vapHmr*; the former consists of 
small piarUi h's of earth on the way to bcYoining lire, while the 
lallor consists of small purlielesfui tlic way to l)ccorning air. Neither 
exhalation is evs'i* eiitirilv tree from some admixture of the otlier. 

4 

Stones and otlu r minerals me hjrnKsl when the two exhalations 
l>ecome irnj>rison(sl in the eaclli, (he dry or sim^ky exhalation pre¬ 
dominating. Metals are toruu'd uiuler siimlar circumstances if the 
waters' exhai.ilion ]M<'dnn>maU‘s. In other words, metals anti 
miuenils, in comimni with every .siilv-tance nndi'r the sun, arc 
com|>oscd of each of the four elements, but in metals tlie pre- 
donnnating elements are water and an (chiefly writer), while in 
minerals they are earth and (ire (chiefly earth). It is a signal 
mark o| the p)aucitv of human ideas that this naive hyp'othesis 
slemld hiivc been accejiled, in muie tu ie.s.*- modiiietl l^rms, until 
tile ch^se of the eiglitwiith cenlury. 

Alexandrian Chemistry.-* ‘Die foregoing eMiriip>le.> suffice to in¬ 
dicate the kjnd of plnh^s«q)lnral views held by educated men short I \ 
be I ore the tipK'uing of the Chnsiian Kra ft will Ir‘ <5l>Miivecl that 
they had extremely little ielation to <jl)'<*rvrd la< ts, and tliat the 
inipinrtance of expx’nmrnt as a factor in the investigalion of Nature 
was almost ontireJv niipx-rceived. To the cultnrc<i Greeks, manual 
work ol any kind w.i> uii<l>giiified. if not actually degrad in ,g, so 
that although the ricieiitdi** habit oi mind wars by no moans lack¬ 
ing, the <inly s<:ifnct*s lu whitdi the Greeks made noteworthy 
jmigress were asUuiTom\ oi<l luathematu'^ both at that thru* 
non-i!\jH.'riiTiontal. 

In K.c. Alexmider the iWeat loundisl riie cUv of Alexandn.i, 
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which rapidly grew to l)c the largest and most important town ol 
the ancient world. The Greek colony included some of the most 
celebrated scliolars of the time, notably Euclid, Archimedes, 
Hiprarchus, EuATOSiiiENns and Apollonius of Perga, and a 
museum or university was built to arconimodatc the throng of 
siudcnls and professors attracted tliithor from various parts of 
(xrcerc. Soon, h<iwcver, a fin dc siiclc atinnsplicre began to envel(»p 
the intellectual life of the city, and the odd mystical philosophies 
that freciuently characterize such a perkKl sprang up on every hand 
like rank and noxious weeds. Superstition of the grossest sort, 
magic, necromancy (not to mention hydromaucy, pynmiancy, 
geoniancv. cheiromancy and c>mpIialoinancy), s;ip})cd the inteU 
ligencc and clouded the vision of the majority of conleoiporary 
thinkers. It is true that two of tlie philosophical s<*(jemes, namdy 
Gnosticism and Neoplatonism, contained much to hv. adimred; but 
all were nlilcc in forming an extremely unheultl^y environment for 
a rational sci<'nce. 

It was, howerver, in this very environment tliat llieoretical 
chi'inistry originab'd; and it hKJre the mark of its origin for many 
a long (lay. The (irtiek settlers, themsedves ignorant of nielallurgy, 
could only loc^k on with awe at the achievements of the ligvplian 
craftsmen, and we may readily supjKLSC that they f(>rmed a ctediihms 
audience for the narrators of the transmutation legend. A 3'ello\v 
alloy that looked like gold would l>e sufficient to tleceivc a man 
unversed in lh(‘ g(»l<l.smith's art, we may remember th.at as nrcntly 
as the reign of yiicen Elizabeth an exjxjdition brought hack s)up¬ 
loads of iron pyrites from Greenland in the Miel tliat the yedlow 
particles were small nuggets of g(dd. In the absena* of any system 
of qualitative analysis, deceit was less likely to l>c discovered, and 
the ancient equivalent of the gold-brick swindle nuist have been 
successfully accomplished on countless occasicms. 

Very typical of the prevailing intellectual background is the fact 
that the reality of transmutation appears to have l>(‘en almost 
universally accepted, with few or no attempts to arrive at a definite 
conclusion by crucial experiment. What actually happened was 
very different. Uncritically believing that the basc‘ metals might, 
in all verity, be changed by chemical art into the ])urcst gold, the 
philosophizers of the time at once began to spin amazingly elaborate 
webs of theoretical speculation to explain tlie transmutation. 
Most of their fanciful hypotheses have b^n lost: those that remain 
arc for the most pint unintelligible, or, if into Hi foible, then puenle. 
Yet although they may in themselves be of little value, the fact 
that men were at last beginning to reflect about phenomena of a 
definitely chemical character Ls an indiention that the cm])irical 
age of chemistry was on the wane, and that theorv and practice 
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were betrothed if not yet married. The desire for wealth stimulated 
the chemist to ingenious laU)ur, and from Itic few intelligible 
treatises of the early centuries of the Christian Itra we gather tliat 
a wide knowledge of chemicals and chemical reacti<nis had l')een 
acquired, Zosiuus the ]*anojK)lit«in, for example, wiio could be 
as incomprehensible as any of his contemporaries of the third 
century a.d., has some lucid pass<iges in wliich he mentions th(? 
preparation of mercury from cinnabar, of arsenic from arsenic 
sulphide, and of litharge from lead via white lead, f(igcther with 
several other operations of a similar kind. However tijoanly we 
may think of their chemical theory', wc must a<lmit that among 
the Alexandrian chemists were many who excelled at the practice 
of the laboratory. 

The Moslem Chemists.— So matters rested until Islam burst upon 
a startled world in the seventh century a.d. The Moslem Era 
dates from the year a.t>. 632, wlicn the Prophet Moliammccl, 
despised and rejected of his fellow-townsmen of Mecca, fled to 
Medina, there successfully to pursue his tusk of welding the hetero- 
geneons tribes of Arabia into a powerful an<l united uatiem. Within 
one hundred and hfly years from the date of the Plight. Islam had 
subdued by far the greater part of the ancient world, anil her 
annies were hut a few days* march from Paris and the shoves of 
the English (dianncl. Repulsed by Cijakles rnic IIammm? at 
Poitiers, the Moslems retired beyomi the Pyrenees, but from S])aii» 
they were not dislodged until the ch^sc of the fifteenth century. 

For some five or six centuries. Islam was the rejxisitory of wisdom 
and the acme of civilization. To the cultured and courtly gentle¬ 
man Saiadin, Richard C<ei;r dk Lion must have appoaiefl an 
uncouth though courageous barl)arian, imbued with manly virtue 
but sadly lacking in refinement. In the realm of learning the 
circumstances were Mini In r; Christian students fitKkcd to Moslem 
universities, and Greek knowh*<lgc reached the West mauily by 
way of Latin translations of Arabic versions of the Greek originals. 
The love of learning, so intense in me<licval Islam, exteiukd to 
I lie doubtful science of Khein, W'hich the Arabs, adtling their 
definite article al, called alktmia, wliencc ' alcliemy' and finally 
the modern chr.mhiry, chinUe, and Chcmic. 

From the time when they first ajipearcd on the pages of history, 
until the picsent day. the Arabs have Ix^n character 17 ckI by their 
sceptical s]>irit. Moslems of other races—Peniians, lierhers, and 
Coi>ts, for example—have not always shared this spirit, but hi tlio 
early days of Islam the Bedouin freedom from inb'llcctual restraint 
made its influence felt far and wide. As a result, chemistry was 
ill part released from the enshrouding bonds of Alexandrian syncretic 
mysticism, and though alchemy, i.e. gold-making by transmutation, 
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WHS still (lu* oli|rrl nf t iv-r.mli, siilHidinry 

issues w<‘!c nuuli tiicoe Ihnn>ii:tlil\ ii)\rsiij'ulril, :iml iui independent 
scienr<' n( ralioiiHl clieiiiistrv up side bv "ide willi its iantaslic 
and o^'e^''llHd^)\vi^l^ ooni|KinMin. 

Anioii^ llir cli<*tjiiK(s c>l NIanj, llie rnHsl,in<liii^ fii^nres wore 
(hnse of J \rnK ihn H wv \n au<l l\\7i, known iu Kuiope as (iKin^K 
ainl l^iiAZhs res|Hruveiv. In sphi* i,\ ininli resrarrh, In tie is vet 
knr>\vii of llir |M'ison.ihly of J.\inn. IjiiI be live^l in the ei^^lilli or 
ninth eeiuuiv tin<l a lart’e nniniHT ol lieaiiM's on :i vniu lv of suli- 
jerts pass under Ins name. Tlu-nr ImkiIss ha\e liitli<Tlt> escaped a 
full jnveslj^alioi). but m ;:<*neral 11 m'\ .ire uiatkc'd Uv a jijst tfMli/a- 
lion of the nniHirlam v of e\|H*rini<‘n( and Uy the <leM'nplion of Lir^e 
nunilHTs of elieinieal Iik Is lliai apiH'ai in them foi the Iirs( t i ne. 11 
is, liowever, only to his tlieory <»l I lie constitution of nu laU ilul wi' 
need refer hen\ foi that llieojs a <hit't:( d^xendaiit <»f \\i*’ \risio- 
Ichan theoiv id the I wo e\]ialnlions ^^avensi' in tliecom'M'of lune 
to the phlo^nsion tlu’orv ol coinbusiiou. 

jAJnu accepti'd the eshalaiioii (heoiA* m its mam jinneiplefi, Inil 
s<rms lo have n'^'arded i( as tun iiii|ejiint<' to (‘\plairi (djserved 
fads or to altord a ^iiule to pi.ulft'al iiiethiMls <«[ tiausiiinlation. 
He llierefore modiliiat il m sneli .i fashion as to nialo' it less vauue, 
and the sim;cslion In* advaiued snrM\efh with sonn* aheraiiuns 
and uddhions, until il w;w alKorlK*d m the altnu live but illuvirv' 
theory of IhH iii'.K and Siajij . I’he twoexiialations. | \iuic believed, 
wlien inipnsoiusl in the liowels of the earth, wiav not mi'hediiij<'ly 
cliiiTifjed into minerals or metaN. but niuieiwiait an inlennc'diate 
Conversion. I'he dry or smokv cNhalelion was cuuverted into 
sulphur ami the wabTV exhalation iiH<i men ury, ami it was onls' 
by the subsequent cuml>inati<Mi of sulpimi and lurirury that nu'lak 
were foniUKl. Hu* reason of the exisu-nce ol dUfeii*nl \ aiie1ics of 
mckils IS tlial llie siilpliiu and iinTeni\ are not always pure, and 
that they do not always combine in the s^imr* piopoiiions. 11 
they iire peihally pure, and il, also, they roml>m<* ni the must 
complete natural (M]ii]hbrmni, then the product is the inosi pcrficl 
of metals, namely gohl. Defects in ]>ijniy or pRiporlioii oi both 
result in llic formation <»l silver, lead, im. iron, or ropj>cr, but 
since these inid.ds are essential I v coniimsi'd iti llie same constituents 
as gold, the accideiils of combination may lx* removed liy suitable 
treatment. Sui h treatment is i h<* object of aU hemv. 

d o the nuHleni chemist it will at nnco occui lImI (lie above theory 
might easily have bwn leslcd bv ex penmen ta I atfempls to obtain 
metals In* ihe combination of sulphur and nuicmy. He may l)e 
ipiite sure tlial srcli an olnioiis <ieduciion was not iworlookcd by 
J.MUK, for 111 one of his lv)ok> he desenl>es sn<di an evperjmoiu and 

I ales that the I'roducl was merely cinnabar (Ilg"^). Itoiu observa- 
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lions sucli as tins, Jaimk mms foranl to the conclusion that tljc 
sulpliur aiKl mcruiry <>1 wiikli he <nppoM‘<.l metals to he coinp<iSi'(l 
are not the woil-known substancj^s tliat g(' by these iiuines, but 
hypothetical substances to which oidinary sulphur and mercury 
form the closest available a|>proxiinntions. To j)ut it another way, 
he was led to postulale an abstract or ' ideal' sulphur and mercury, 
a type of theoretical ticvice (|uitc legitimate in itself but detnaiutiug 
a cautious allitudi* on the part of the user. Such abstractions 
are comiiinn cnf)Ugli even in nuMk-rn cbeiuj.*'iry, but the dangers 
attaching to them are more ;idc‘<pia(e]y lecihred. 'Ihus, though 
Jab lids hvp^>thetical sulphur is exactly on a j»Hr with our ' ideal 
gas * or * p<Tfecl s<.‘mi‘iK*nneable fuenibraiK*/ every chemist nppre- 
ciates tlu* fact that it would Ik* a waste ol lime to indulge in the 
search for either, and know's that they aie nuTely useful con¬ 
trivances to simphly argiuuent. Mow hsr JAinu’s abstractions 
were from '^haring tins imKK:m»us cliararter tlu* subso(.|Ucnt history 
of alcliciny nuitiik*sts <inlv t(»o {>lainly; yet the sutphur-mercury 
theory of metals represented a diMiiict advance upon any tliat had 
prcccuh’d it. and the iirti'llectiial cun(»''iiy of many brilliant 

scientists lor a vory lengthy iKTiod. 

Kazi was a man of rather lev^ than jAinu’s intellectual 

calil)re, but surj^asst'd him in tiu* clauly ol hi^ mind. Like 

PuiESTLLV, he was a l>»rn t’XiK*nineiiler with a passion for writing, 
W'illi I lie result that in his books wc‘ have a l>cttcr picture of the 
extent of Moslem chemical knt>wle(lgc of the early tenth centaly 
than exists of any e.nher o\ sul>sequcnl pcriiHl. Since, how^ever, this 
[ueture depicts inamly llic ajipuatus employ<'<l and the chemicals 
iiseiL wc mav k'ave the readei to refer to the textbooks of the 
history of chenustrv if bo desiics to studv it in detail. Mure 
lelevant to our preM'jit pur[»osc lo the vkdiuit attack on alchemical 
pretensions maile by the eekbrated lim SlNA (Avk.knna), who 
lived tioin qSo to Jo.tb or 1037. litN SiN\—philosopher, phv^>k*ian, 
poet, and sUitcsiiuin—ina.ntained against the alclieinists that the 
yellow solids they prtnlured were merely imitations of gold. They 
can, he says, produce these imitations with so gieat a degree of 
accuracy as to deceive even the shrewtlest, but in such alchemical 
metals the esstmtial nature lomains unchanged: they are simply 
so dominated by induced quaiilu's that errors may be made con¬ 
cerning their real nature. No true cliangc of a melallu species 
was cousidcH'd by Ibn Sina to be within the bounds of [x^ssibility; 
but he found few to agrc^c with him, an<l in tlic cud he ^eems to 
have been converted by his opjionciits. 11 is jirotcst was, liowever, 
not without avail, for his liioks were widely read in medieval 
Luropc, and we may lx* sure that the seeds of scepticism he soweil 
bore fruit in due stMson. 
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Medieval Europe.—Dunng the twelfth to fourteenth centuries 
chemistry was bodily from Islam to Latin Christianity. 

Unfortiiiiiitely, however, it was the alchemical asjject that received 
nu^st att^'Otion ami found the most entiuisiiistic f blowing. Eaily 
Latin tre.ilise^ on <lu'mistry are almost entirely obsessed by the 
Si'nrdi for the cliNiTs, two marv'ollons catalysis that were 1 o convert 
the base nu-lals hrst inbi silver and then into gold. Even such 
eii!ighten<’d spirits as UoGKR Bacon (1214-were not sulTu iently 
einanci|>,i 1 e<l to conceive the hlca ol chemistry simply as a branch 
of knowled,aj‘, and Bacon’s own canon, AV/ 7 iiw" uoi he cciiainh 

hy rvf>crieficc, was by tio means c<piivulent lo the 
canon of M*ience. NoMn^ lati he ceriaivly knmt'n except hy cxperhfWiL 
Ba<'on’s 'exjHTience' ndniitlcdly included cxiXTiincnt, bid it 
incluiii'd also intuition and sjnritnal illnmination, so that his 
jioMtion W'aj- radically dilferont from the rationalistic atlilude of 
mode l n science. 

The tliemies hv which the alchemists endeavoun^d to order 

* 

their indej.ihgable invi'stigations must not unduly del.iy us, for, 
though Ku'V MTved to maintain experimental ardour, they were 
far lUijro of a hnidranrr than a help in every other way. Particularly 
by attracting the hailish, the <iishonest, and the incai\ibie to lire 
pursuit <»f transmutation, alchemy iKvamc the object of cfintcmpt 
and suspicion on the p;irt of cducatcxl and clcar-thinking men. 
CuAUCTiK’s derisive Siitiiv <*n :iJcIicmists in the 'I'ale of the Chuuoun's 
Yeoman was thorough I v de.scrc'od, while the Ordinall of A/kiniy, 
written by Thomas Nokcox of Brislol in 147?, is typical (d medieval 
alchemical hternUiro in desc-ribing erroneous facts in ambiguous 
language. That nietaLs grow in the earth like pdatf^cs: that lead 
and tin arc merely 'unripe' gold; that gold |»nHluces seed which, 
if s<m'n in mercury or some other suit aide soil, will give rise to a 
golden crop; tliat metals have sexes and by appropriate matrimony 
may l>e made to give birth to gold and silver—these and similar 
ideas are cuminonjilaces of alchemical thought. Later develop¬ 
ments were still more remarkable: the elixir was man himself, and 
transmutation could be effected bv means of c]uinte.sscnce of 
hill nan brains or by the employment of some other natural or 
artificial human product. Finally, alchemy became completely 
estranged from the laboratory', and was absorlx*d by such fraternities 
as the Bretliren of tlie Rosy Cross. Its further history is a part 
of the history of man's credulity. 

w % 

During the alchemical period of the development of chemistry 
there was, however, mucli useful discovery', even tlx^ugh this dLs- 
covory was a mere by-product. Alcohol, nitric acid, sulphuric 
acid, hydrochloric acid, silver nitrate, mercuric chloride, and many 
other essential chemicals, were first prepared and investigated by 
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the alchemists. Such operations as calcination, distillation, sub¬ 
limation, crystallization, tilt rat ion, and reduction were carefully 
elaborated and described, and the constnictimi of ap])aiatus 
received due attention. The application of clienusfry to the arts 
was not neglected, and primitive chemical industries Ix'gan to make 
their appearance. The facts necessary for future i)rugrc.ss were 
at length available, and when the time was propitious Nature as 
usual bore the man who was to j)n)vide the requisite stimulus, 
llis name was Paracelsus. 


Tnn lh!Rion of Iatrochemisiuy 

Paracelsus.- -The stimulus applied to chemists by Paracelsus 
(1493-154T) was 1 x 411 rude and sharp. A man of extraonUnary 
ability and e<iually extraordinary bchavuiur, Paracllsiis' chief 
characteiistic was a supreme contempt for authority. Havijig 
become town physician to the dly of Pascal —through a curious cliain 
of circumstances - he made a bonfire of the medical and alclu'iiiical 
textbooks then popular and jiroclaiincd his own scientific views in 
arresting, if liombastic, tones. Tiumgh he did not deny the pos¬ 
sibility (jf transmutation, and had the most bi^u^re opinions on 
the relation Ix'tween alchemy and the microcosm, he inaiii(aine<l 
that the search for alchcinicul gold shouhl not he the cliief end of 
alchcni}'. CliomLsls, he averred—and by chemists he was careful 
to say lie meant men wlio knew the discipline of the liiboratory, 
not those who sal in Iheir studies dreaming the dreams of nij'stical 
transmutations—should devote their main energies to the pn)duc- 
tioii and purification of drugs for the alleviation of human suffering. 
He saw that the jxwsibilities of chcmo-lherapy were unliniiled, and 
called upon his fcll<>ws to leave their nauseous old-wives* brews 
for the remedies that □ properly orientated chemistry could pnivide. 
In spile of his disiignxiahle personality his apjHfal was a success, 
and the period of iatriH:hcmi.slry. or medical chemistry, w'as 
inaugurated. 

The import ana* of this revolution was tw<»fuld. In the first 
place it diverted the energies of the more re.'is<»n.iblc chornbls into 
a saner channel, and in the sccoml place it encouraged f)livsicians 
to undertake the study of rhcinistry. Chemistry S(H>n became a 
necessary part of the education of a medical student, and l>cgan 
to be taught in collcgits and medical schools. Alchemy was by 110 
means extinguished; indeed it reached the zenith of its popuhnity 
in the century and a half after the death of Pai<-\( KLsiis -but it 
continued to attract fewer and fewer of the best minds, and was 
gradually recognized to be a mischievous dcIusioiL 
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lutroclieniislrv was Irrtilc in Ihr oi lU'W substauccs 

ami new molhods, but as haiirn ,is .i!( lu jiiy in inafliTs ai tho{>ry. 
l^AWAC'Kl.srs hinist'lf txdicved that the uniwrsc' as a win^ic and all 
the objects in it were eiid<AV<\l with life, and Wuii material sub- 
sCiuice.s, while nlhimilely < cinij>cised ol the lour Arist<»(elian elements, 
are itnrnedialelv madi np ol three pniiiaty btuhes (‘hypostatical 
})nncipksviz. vf//, sitlf^furr^ and merettry cofn‘spondin |4 to 
hixly, spirit, and son!. As with the sulplmr and inevany o{ the 
Moslem alrlu'inists, Ihesi* piiinary iMnlies are merely ai)Stfactions 
of qualities, and lluar principal nn lil is that their maderiuat'y Inter 
on provoked lhi‘ IiOYI i. to wiip' Ins master piece, I'lw Scrpikifl 

('hvnnst. 

Tin* j'nneipal i ilrorhcimsK, after Pau.\( i*i ses himself, were 

l.iPAViDs li54o-i<)it>). \’as Hi 1 mom (1577-ih Nkoi.as 

J.fMi:i<v (itM 5 1715). 

All throe of these men made iiM*fiil c<»nlrrbulions in pinctical 
clioinistry, while JjH.wirs ami IJ'.mivNV ate tvnewoi ihy joi ilieir 
ren sea table sennit i he oiithK»k. froni winch the I amt o( the ix'cult 
was lur^'ciy al)s*mt. Ij'mi-KV's «ie:il IcNllMHik 1 iie f.e;os dc 
CJn’tnif is a plain and strai.elilhnward acifaint o{ the ]>ri'para- 
tioii and pro|H*ities oi subslaiiet s. nine h on the hms o| a nioiJeni 
treatise; w'hile the th«*ories it c<»n(ains are <iehnUelv alletnpis to 
explain obsi*ived facts on lational grounds. RAtcwJiSt's* spirit 
of libeuitioii hail now .ulnrsrd victor\, and iheiinslrv was so<ni 
to Incomo as fii'e hoiii stibservieiK e to nanhmie as Ik* had 1,night 
il lo be tnim alchemy. 


Tin* PhKloi) OV PNI-irMAin tTlKMIsThV 

The Scientific Ajre.—roiiienqioraneons with v ^N liriMONi was 
trAlil.l'io GaI-ILKI -It).]-*), the man wlio above all fdheis 

created the mmloin world. When ti.ALiiho liimi’d Ins newiy- 
constnicted tclcscoi>e tuwanls the imions oi Jiipiier. lie alteied tin* 
whtdc couiso of history, for ihe c»bst'rvations he inaile enabled the 
human intclHgeiuu* to overthrow llic slilling burden oi sehol.istic 
philosophy and to eject cc4*lc*si:Ls(iral aulli<inr\ from lint an toe rat ic 
control it had hitherto j>ossesM‘d ov<*r the facultv of hmsoji. Among 
the scieiuas, physics was the lust to iMuiolit bv Hu* triumph cd 
astronomy, but chemislry was not long m lalliii:. inio hnc. In Thi* 
year of GAr.uuo's death, Koni-.KT J»oYl.iv fit;’/ '}i) was u boy ot 
lift ecu, d.iblihiig with ch<*nneals hi a Dorsad village. A dozen yi^ars 
later the Warden ol Wa<lham mviti'il him to O-doid, ami I la* future 
of chemistry was assured. 

Robert Boyle. lh>M.i*'s work ou gasr< e; tmi well known lo nerd 
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more than a bricl mention. He jX'rlt'cU'<l llic air-pump previously 
invented by von Goekk'kk, conlinuu'd aiul exlctKled TokiurKU.i*s 
experiments on atniosjjlieric |m*sssurc. and discovered the celebrated 
law that passes uiulrr his name. Wc shall see shortly that these 
advajices in gas lechiiHiue ha<l considerable influence upon sub¬ 
sequent progress in dumustry, but for the mum cat we must turn to 
Boyle's demolition of the Aristotelian elements and the ParacrIsan 
hypostaticjil principles. In The Chymist {1661) he asks 

what real evidence there is that such principle's or elements exist, 
and what reasons th<*r<* are lor sup|x»sing that, even if they do 
exist, they form the roninion constilticiUs of inateriul objects. It 
is true that wlien a jmve of dry w<K)d is l>uriio<J, fire, water, smoke 
(or air), and ash (earth) arc pr*xluccil, but he ])oints out («) that 
there are no gT<mnds for snp)M)sing that thus** substances were 
present in the mnx] lx* I ore combust ion. and (A) that there is no 
evidence whatever that the lire, water, smoke, and ash arc not 
tliemselves complex sul>^tanccs- He continues as follows: 

‘ Since, in the first place, jt may justly lx‘ doubled whether or 
no the lire be, as chvmtsts snp|n»s(* it. the genuine and universal 
res<3lver of mixt compound btHlu's; 

' Since we mav ihnibt, in the next place, whether or no all the 
distinct subsiauccf Unit niav be ob(aim'<l from a niixt hotly by the 
tire were pre-exist<mt thm* in the formes ui which they were 
.separalcti frtnu it: 

‘ Since also, though wc »h<»ultJ grant the substances separable 
iroin mixl l>odios by the tire to have bt'cn their component in- 
gredients, yet the luimbei o\ such sul>'*tanc(‘^ doca; not apj>ear the 
same in all mixt holies, some ol them being resoluble into more 
differing substances th.ui thrive: and others not being resoluble 
into so many as three. 

And since, lastly, those very substances that are thus separated 
are not for the most pan pure elementary bodies, but new kinds of 
rnixts; 

‘ Since, I say. thc^e Uihigs me s<i, 1 hojx* you will allow me to 
inferr, that the vulgar ex^xTimenls (I might perchance have added, 
the arguments loo) wont to U* a Hedged bv chvinisis to prove, that 
their three hypostatical principles do jd<*<|ualeiv coinj^ose all mixt 
bodies, are not so dcniojistrative as to induce a wary person to 
ac<|uiesce in their diH*triuc which, till they explain and prove it 
better, will by its perplexing darkness be more apt to puzzle tlian 
satisfy considering men. and will to them np|)ear tnciinihered with 
no small diflicuhies.* 

Boyle then suggests that Ihen* is no cogent ior assigning 

anv arbitrary I i in it to the n»inilK*i of cleniciits; a more reasonable 
course, he maintains, is 10 coiuluct exjx'nmcnls to try to j^scover 



i8 JHKORETICAL AND INORGANIC CHEMISTRY 

how ninny u^-c. The contiast Ih* tween this attitude aJ^d 

that adopted by eailiiT chemists is complele; the hiflucncc of 
GaiilI'O was lx‘|<inning to make itself felt throughout the body 
scientific, and the aulliorily of Akistotle was rapidly diminishing 
alnu)st to vanishing-tKjint. Bovle is. however, not content with 
mere destructive cniicism; he immediately proceeds to define his 
own view of an ‘ element ^ as it slioiild be conceived in chemistry: 

* I mean by elements, as those chymists that speak plainest do 
by their Principles, certain primitive and simjde, or perfectly 
unmingled bodies; which not being made of any oilier bodies, or of 
one another, are the ingredients of which all those called poifectly 
mixt bodies arc immediately compoumled, and into which tliey 
are ultimately resolved. ... I must not look ui>on any bodj as 
a true princii)U* or chmient. which is not j)erfcclly homogeneous, 
hut is farther re*^olvablc into any number of distinct substances.' 

'the reader will here recognize our own definition of an element, 
expressed in the language of the jh' vent cent h century. Except for 
the fact that t)ic atoms of cicmcnt.s can, by certain physical processes, 
be split [}]> into elcTtrically chargcxl particles, the definition as it left 
Hoyi.k's hamls has remaineil unchanged to the present day. 

The Theory of Phlogiston.—Though Boyi.e's destruction of the 
poripalelic 'elements' and the substitution for them (»f exiicri- 
mentally discovernble elements was of more fundamental impor¬ 
tance than his work on guises, it was the latter that exerted the 
moiv immediate eflect upon the progress of chemistry. 'I'lie rank 
and file of the chemical army were not yet menially pic]><ircd lor 
such a reviJntion the acceptance of Boyj.E's views would have 
entailed. (In the oUkt hand, the spirit of inquiry and ex'ix^riment 
was vigorous, that the new possibility of investigating those 
wild, aerifonn lKHlic.s, hitherto untamable and elusive, attracted 
the attention of ninny skilful experimenters. 

At the same time, the Teutonic inner consciousness (T Beciiek 
(I f >35-82) and Staiii. (1(100-1734) had evolved a theory of com- 
liustion that held sway in chemistry for over a century. Basically, 
it was a development of the old sulplmr-moicury theory, and its 
jx'digree may thus lx* traced back to the Aristotelian exhalations: 
a remarkable cxamjile of the tenacity of ideas. On the suljihur- 
mercury tlu’ory of metals, the combustion of a metal wa.s explained 
by as.suming the lass of its stilphure<ius constituent. Advancing 
knowledge soon rendered this primitive suggestion untenable, and 
the further hypothe,sis was made that a combustible bc)dy owed 
its ‘ crnnbu.sTibility' to the presence in it of an oily constituent. 
Suljihur, from its greasy feel and from its oily appear:mcr when 
ni'iltcn, was be]ievi‘<l to be 'an oily fatness of the earth hence 
a metal, containing sulphut as an essential constituent, would 
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necessarily be combustible. The residue left after the calcination 
or burnin^^ of a metal was regarded as composed of the mercurial 
constituent, contaminated with more or less earthy impurity. 

Bkcher and, more particularly, his disciple Stahl crystallized 
this rather amorphous theory into a useful scientific tool, and 
although it long outlived its usefulness and l>ecaine an incubus, it 
must be regarded <is the first great theoretical structure of experi¬ 
mental chemistry. According to Stahi., a ' combustible principle/ 
phlof^%ton (from to inflame), is contained in all com¬ 

bustible bodies, and is given up by them on combustion. Phlogiston 
becomes apj>rt;ciable to the senses only when it leaves the body with 
which it was combined, and appears in the form of fire with its 
accompaniments of light and heat. The richer a substance is in 
phhfgiston, the more easily it may be burnt, and the more ready it 
will iw U> give up phlc^ston to substances that do not already 
possess it, or ])osscss it only in small quantity. As for the actual 
process of combustion, thi.s is merely a liberation of phlogisttm from 
th(; body which is In'ing burnt. 

Now practically all metals may be converted into an ash by 
means <jf h(Mt, ev<*n though they may not be inflammable m the 
ordinary senst^ the wc'rd; the mctcillic ashes wore known as the 
calces of the nu^tals and the process was called (ah imtion. According 
to Stahi., the calcination or burning of a metal was to l>c explained 
in the saiiK* way as the combustion of any other combustible body, 
namely by loss of phlogiston. Metals, in sliort, were to be con¬ 
sidered as compound IxMlies, each composed of two constituents: 
phlogist<in aiul calx. Diflerent metals naturally have different 
calces, but Hie ilual composition is common to all metals. Oil, 
dull coal, fats clc.. which burn away almost completely and leave 
little residue, are, from that very proj>crty, extremely rich in 
plilogiston. Hence, if a metallic calx is heated with charcoal, for 
instance, one might expect the charcoal to give up some of its 
phlogiston to the calx, thus reconverting the latter inlo the 
nictul. The fact that m^ tallic calces can thus be ' reduced ' to 
melul by heating with charcoal had, of course, 1>ecn known for 
centuries, and at length a reasonable liypothesis was advanced to 
explain it. 

The reader will do well to assimilate the habit of mind of the 
phlogiston chemivts in order that lie may gain a clear undcrstan<ling 
of the merits of the pldogiston theory, and realize the magnitu<Je 
of the task undertaken by Lavoisier when, towards the close of 
the eighteenth century, he. set out to overthrow it. The rise and 
fall of phlogiston form an object-lesson on the nature of .snentific 
truth anti on the provisional character of scientific theories all the 
more valuable in that the issues are rarely to be found so sharply 
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defined eUcwhore. 'Hie Inliowinf: jKissa^c is taken frnni W.mson’s 
( hcmical Essays (i7hi)r vol. i: n dcbcrilK.^ tlie ihcury sn lucidly 
that it is ^vo^tlly iif rinse aUention. 

* Eire eiilcr.s, in iliffcneiit prnp(,rJirji»s, inlo the cumposition of 
all voi'clablcs, and aniiiuls, and mnst ninuTals, an<l in tliat coii- 
flenscd, comj)ac(e<h fixed stale, it lias l>een denominated the 
Phlogiston. Of ilsdf in ils natural si.itc of uiu’oinbined expansion, 
fire is not exteemed capuhle <»f shinin.ij, or burning; when ehemically 
conjoined with the olhoi principle? of l>odies, it is (hal alone which 
coiiceivt^s and roiitimies those motions, by wliidi lio<heb .irc made 
to si line, to burn, to ronsnme away. AH bodkrs are more or less 
siisreptible of cuinbnstion, acconliii;' to the quantity of this ]^rin- 
riplc whuh enters into their coinjjosilion, or tlu* ch‘;.;r<'o ol l<'ico 
with which it adhiTi*s to fiicin. In the net of burn in;;, and, it may 
very proliaiily 1>c during the h'unontaluMi. and ]nilufa''fion. and 
ehcniical solutions of various IxHlies, it n'covers iu Ihiiditv, ex- 
ixuided and <lisj>eisc*d into the air, or coin!iin<Ml anew with such 
substances as it has an atlraelion to. Notsvilhstandin^* all that 
pel haps can be said upon the siilijret, 1 am scnsilde the UMder will 
be still ready to a?K kIuiI in fhlo}:^ishv^ You d<i not stircl, (WiX'Cl 
that chemistry should l>e able to pj\*Si*nt you with a lundtnl ol 
phlogiston, separated fn^iii an inllaminablc bo«Iy; you inav ind 
as reasonably demand a handful uf ina^'iicdisin, ^;ia\its. tj** elec¬ 
tricity to be •r.xtractcd fiom ;i ina^nelic, wei|.dity. <jr <'ia lrio liody; 
there arc j>owers in nature, which cannot otherwise I;econie tlw 
objects ot scns<\ than by thcelhats (hey juixluciv ami <it iliis hind 
is phloj;ist<in. Hut the following e.xperinieuts will lend to rende r 
this ]Perplexed subject somewhat more ilear. 

* If you take a piece of and set it on it will Inirn 

entirely away, without leaving ;uiv aslies, or yadding any M»ot. 
During the burning of the sulphur, a copious vafunir, po\v(irlully 
affecting the organs of siglil, and smell, and the action of the lungs, 
is dispersed. Moans have been invented for colleding this vapour, 
and it is found to be a very strong arid, 'I he acid thus pnjcnrcd 
from the burning of sulphur, is inrnpablc U*mg either burned bv 
itself, t>r of contrilmting towards tlie support oi fire in other bodies; 
the sulplmr from which it was procured was c.'ipable ot both; tlicic 
is a remarkable diflereiice. then, Ik'Iw^h-ii tie* acid, pnxuied from 
the sulphur, and the sulphur itsc'If; the arid cannot lx* th»; only 
constituent part of sulphur, it is evidcmt that seunothing else must 
have entered into its romjHJsition. by which it ums rendered capable 
of combustion, this something is, from its most lemarkable property, 
that of rendering a IhkIv com bast ible, propcily enough denominated 
the food of fire, the infiaimnnUc princij*h\ the phloginiuu. 

* Erom this analysis \vc may conclude, that the constituent parts 
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of sulphur arc tWi*—an injlatmnuhlc principle, which is djsjierst'd in 
the act of coiiibuslion, and an . . . 

* If you burn charcoal in the ojxjn air, and hold a glass over its 
llamc, you w^ill [icrcrive thai i( burns without omilting either any 
watery vapour or s«'M»ty imjmjity, aJid iH»thing will remain, from 
a large portion of rharnul, but a small |x>rUon of white ashes, 
which are innipohlc of anv fnrUier com bust ion; the principle 
e(feeling the ccnnbustiou the ciiarcoji, and clisjxjrsed by the act 
of combustion, is I lie jihJugjston. 

n you set ‘v/>/rf/s <•/xnne on liic, they will, if pure, burn entirely 
away; tiny (hder from cluucoal m Uiis, that tlicy emit a vapour; 
but lliry l<*aYe uo n^suhium. Yon may by piopcr vc**si‘isi I'ollect 
the \/ipour of burning sjnnis, and you will find it to he .in m>ipid 
waier, incajuMe id Ciunhiis'inu. The piinriplc effecting llie 
combustion of llic spuits of wine, ami <.h>J^cl^ed by tlio act of 
ciaiil^nstum, is liie plilogiNtiai. 

' Some metallic s/thslanccs bum, when sulTicicntly healed, with 
a llarne more l>nghl than that of sj>ints of wnu., or charcoal: others 
binn or smotlier aw.iv hke roUeii w^hkI, and most <*{ them, when 
they have lK<‘n kej t ni llir ojHUi air in a |>to|kt dcgice of heat, 
lose their melalhr .ijipeatam i*, and aic converted into earth. 'I’luis 
rc'l K flic cailli i>riMori*(l I nan (In* hurning of h'ad; and pnltv 
such Uft lIu* |‘i»h Inas of gla'>^ and luarhln iim>, is the earth prnrured 
from tin: the prineijilc iilirling llic cuinbuMJon of metallic 
.sabstam I'v, and disjHUMsl in the at.t of comlmsiiuii, is the* phlogisinn. 

' Tlu: (lifil itj the salphfir; the ashes of the iharcoal', \hv of 

fhe spirits f)/ icnic; the earths of me/at!tc siihslunirs, atir utterly 
mcajiahle ol conihuslion; Ilnur n'speclive ditlerences Irom sulphur, 

• lianoal, >[)irils ut wine, ami metallic substances, with respect, not 
only Ui mflammabihty, but to smell, cidour, eonsisloncy, and other 
pn»]jrrlics, are alliilnited to ihc |>liU*yistun whitli is dispersed 
during Iho nnnlaistnisi ol each of them. 

This infhunniable jirmcipie. oi jdilogiston, is not one thing in 
animals, .'mother in ^’eg^'laides, another in imnerals, il is abstduicly 
the same ni them .nil, }nsl .is wa1i*r which enters into tin* com¬ 
position oi flesh, svo'hI. <* o . i 1 . is ^uU water, though U.s existence aiul 
homogeneity lx: renden-d more ilouldlul in M>inc subslaiiees than 
III olheis. 'I his irieniitv ul ].'hlngisltm lu.iv be proved fmm a 
variety of deiisive exixTimenls. I will mI'vI a few. winch may at 
the same time con linn whal luib been a<lvancec] coiKeiumg the 
coustilueiU parts of sulphur. 

* Fnan the anaivsis oi derom|x>suioii of sulphur eJTeeted by 
burning, we have conch a lid, th.ii the mnsulwiu parts r>i sulphur 
arc two—an <iiiJ whndi mav Ix" cullecle<l. and an inflamniuhlc 
principle which w dispensed, if I be re. u let has yet anjuired any 
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real taste for chemical truths, he will wish to see this analysis 
confirmed by synthesis; that is, in common language, he will wish 
to see sulphur actually made, by combining its acid with an in¬ 
flammable principle. It seldom happens that clicmists can repro¬ 
duce the original bodies, though they combine together all the 
principles into which they have analysed them; because not only 
the number and proportions of the principles, but the order also 
of their arrangement must be observed, before that can be effected; 
in the instance, however, before us, the reproduction of the original 
substance will be found complete. 

‘ As the inflammable principle cannot be obtained m a piil])able 
form separate from all other bfxlies, the only method by which 
we can attempt to unite it with the acid of sulphur, must be by 
presenting to that acid some substance in which it is c< ntaiiie<l. 
Charcoal is such u substance, and by distilling ^Kiwdercd charcoal 
and the acid of sulphur together, we can procure a tnic yellow 
sulphur, in no wise to be distinguished from common sulpliur. 
Tliis sulphur is formed from the union of the acid with the i>lilugislon 
of the charcoal; and the charcoal may by this means be so entirely 
robbed of its phlogiston, that it will be reduced to aslies, as if it 
had been burned. Animal substance's reduced to the state ('f a 
black coal, will, by being treated in tlic same way, yield sulphur.. . . 

' Lead, it has l>een obscPr'ed, when melted in a strong fire, burns 
away like rotten wood; all its properties as a metal arc destroyed, 
and it is reduced to ashes. If you exjKJse the ashes of load to a 
strong fire, they will melt; but the melted substance will not be a 
metal\ it will be a yellow- or orange-coloure<l glass. If yaw j)ound 
this glass and mix it with charcoal dust, or if y<»u mix llie ashes ol 
the lead with charcoal dust, and c.xpose either mixture to ii niching 
heat, you will obt;un, nut glass, but a metal, in weight, colour, 
consistency, and every other property the same iLs lead. This 
operation, by which a metallic earth is restored to its metal he 
form, is called Reduclion. The ashes of lead melted vilhtnft charcoal 
become glass; the ashes of lead melted u'tlh charcoal IxTome a 
fuctai] the charcoal, then, must have communicated somethiug to 
the ashes of lead, by which they are changed from a glass to a metal; 
cliarcoal consists but of two things, of ashes, and of f'lilogislon: 
the ashes of charcoal, though uniti^ with the ashes of lead, woulil 
only produce glass; it must therefore be the other constituent part 
of charcoal, or phlogiston, which is communicab'd to the ashes of 
lead, and by a union with which the aslies arc restored to their 
metallic form. The ashes of lead can nc\*er be reduc ed to their 
metallic form, without their being unile<l with some matter con¬ 
taining phlogiston, and they may be reduced to their metallic 
form, by being united with any substance containing phlogiston m 
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a proper statc^ whether that substance be derived from the animal, 
vegetable, or mineral kingdom (for tallow, or iron-filings, may be 
substituted with success in the room of charcoal, in the cx|)criinent 
of reducing the ashes of lead), and thence we conclude, not only 
that phlogiston is a ncccssar>» part of a metal, but that ])hl<»giMon 
has an identity belonging to it, from whatever subslance in nature 
if be extracted/ 

It is clear from this extract that the phlogisl(jn theory had no 
111 tic success in explaining simple dietnreal phenomena. An 
linexpecte(I relatioi \ shi]> IK*tween sujvniicia 11y diverse 1 acts was 
elegantlv derived from a consideration of those facts in the liglil 
of the thcorv, and prciliclions made on a theoietical Imsis proved 
lo be [alt)lle<l when tested by cxj^erimenl. The reactions sulphur 
ami siilpliuiic acid that Watson dcscribi.*s ^'nii lie so aclo<)u:Uoly 
explained in tonns of phlogiston tiuit we Ix'gin to un<lerstand the 
hold that the theory possess^ over even the most brilliaui cliemists 
of the eighteenth century. It gamexi a further triumph by its 
explanation of the hdlowing phenomena. If zinc is dissolved in 
ililnto sulphuric acid, a c< dour less inflammable gas is evolved and 
a solution of while vitriol mnains. The iiillaimnable gas was 
regarded as practically puns though somewhat dam]), plilogi<t<>n, 
ami the reacti<ui was explained by supposing that the acid split up 
the zinc into [ililogiston (winch whs evolved) and zinc calx, the lattoi 
dissolving in the add to form the white vitri<il. A logical deduc¬ 
tion from this hypothesis is that if zinc is first burned, so removing 
its f)hlogiston, the residual zinc mix should dissolve in dilute sul- 
piiuric acid, to yield a solution of white vitriol without evolution 
of the inllanimable gas. IvxiXTimcnt shows, of course, that this 
d<*duction IS correct, for the reaction Uikes place exactly as foretold. 

Further, it h)tlows from the phlogiston theory that if a metallic 
calx is heatetl in the above-mentioned inflammable gas. the metal 
ouglil to be regenerated—a deduction again in perfect agreement 
with cxjvriinentally c^stablished fact. Finally, the facts that a 
('<nnbustible substance will not burn in a vacuum, and that its 
flame is s^.>on extinguished in a limited supply of air, were explained 
by as.sunnng that a meilium is necessary to absorb phlogiston, just 
as a sponge absorbs water. 

As to the nature of phlogiston itself, since it proved impossible 
to i^filate this ‘inflammable principle' its proj)erties had to bo 
deduced from observation of the reactions in which it was supposed 
lo take ]>xirf—in exactly the .same kind of way as tlie projjerties of 
fluorine were deduced long before the element itself was isolated. 
According to Mac^jUEf, phlt^ston is dry, volatile, very apt to 
assume an igneous movement, capable of combining with primitive 
princii)k*s such as earth ;uid water—but in the latter case w'ith much 
n 805-1001 
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more it enters into the aimposilion of an extremely 

lar^'e iiumhcr of coiTj|)ounds. to which it gives the property of 
inlhimmability; it may pass from one c<»ni|H)and to another; it is 
identical in whatever coinjx>und it may l)e found; and it is probably 
not ' daslir/ i.e. it (Uh's not ixjhave as a gas. 

Keflection on the phlogiston theory will show us that the real 
fault lay in the fact that dicinists wore still trving to explain the 
ctinj[)osilion of material IkvIics in terms ol rhIi)giston 

was, in effect, the quality of inflanuiialhlity rather than a material 
f)riirciplti of inflammability; and though the importauce of the 
theory can scarcelv be overrated, in view of tin? large number of 
hitherto hetenigen^ms farts that it brought to a common donoinh 
nator, it c«iulcl never have attained its actual tlegroe of sucres'-' )f 
Boyi.k's destruction of the Aristolehau ehrments luid lx:cn properly 
appreciated. As it was, the advantage that chemistry gained from 
plilogislon was cnnshlerable; but <»n looking back from our present 
standpoint wc realize that even greater advantage W'<uiki piobably 
have accrued Ivom its abs<rnce. This is the reason for the ilia- 
metrically opposc»d views on phlogiston to be jound in nuxleni 
textbooks. Some writers plainly perceive that the phlogiston 
theory was undeniably a great triumph of theoretical eh( rmstr\, 
others maintain that it was a s^Tious and unfortunate obstacle to 
cliemical progress. Both view>> arc justified: a brilliant suecoss 
that prevents an even more brilliant is relatively a hindrance; and 
if it could be incontrovertibly proved that chemistry would have 
advanced more rapidly had phlr^islou never ap}reared on the 
eighteenth-century scene, the universal opinion would of course l)e 
unfavourable to it. 

The Chemistry ol Gases.—Wc must now briefly consider some ui 
the work on gases earned out by such men as Bi.ack (i72S-<)f»), 
SCHEELK (1742-'86). CaVENDISH (1731-1810), and PKIJiSTIUY (1733* 
1804)—all of whom, it may be noted, were a< I he rents ol tlie })hlo- 
gist on theory, though Black renounced it in 17^1. A detailed 
accciunt of the discoveries of these celebrated ‘ pneumatic chemists ' 
is here unnecessary, since, with the exception of Black, none of 
them made important contributions to chemical theory. 

Until the eighteenth century was w'ell advanced, the conception 
of gases as individual species of matter had gained little civdence. 
The gene rally accepte<l belief was that any aerihirm body differing 
from atmospheric air wtis air contaminated with various impurities. 
The okl idea nf cjiinlifies here crops up once more. Atmosjiheric 
air is the elastic fluid f>ar exceUnice. If its usual qualities are 
removed or obscured, and new qiKiHties are impressed upon it, 
the pr<Khict is still ‘ air/ even though its properties are profoundly 
different As late as the closing years ol the century, such names 
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as ' fixed air * ‘ mcpbitic air * and * inflammable air ' were common 
currency; and their disuse may be regarded as one of the turning- 
points of chonustry. 

The word was invented by Van Hhi.mont (p. itj), who was 
sufficiently in advance of his time to realize» if dimly, that atmo¬ 
spheric air was only one example of a whole class of bodies. He 
himself recognized two fuither examples, viz. gas si/vestrr and 
pincite . ‘Gas silvestre ' w;ls the name he applied to any gas 
(e.g. CO^) that wouhl not supjwt combustion, while ‘ gas j'>inguc ' 
implied any inflammable gas. This modest l^cgiiuung hail little 
sequel until a century or so later, owing to the experimental 
difficulties of manipulating gases. When, however, through the 
ci'hvis of a succession of workers, the pneumatic trough was finally 
elaborated, progress became rapid; discovery after di«:ovcry came 
in quick succession, and the age of pneumatic chemistry \u\d arrived. 

Htrack's classical resiwcli was u|H)n carbon dioxide and its 
reaction with quicklime aiul the ChUisIic alkalis. His papers have 
been reprinted by the AU'nibic (.'liib {A.C. U<*prints, No. i), and 
I lie student is strongly urcomtneiidcd to read them. The wh(ile 
iiivo.stigation was a model id skiltui ex|*>cnmcju and brilliant logic, 
as may be realized l>v llie fact that the r<*sults an<i explanations he 
arrived nt are those that we ourselves still amqa. Sumuianly 
expressed. Black's oljNcrvalions and deductiuus were as follows: 

Observations: 

(i) When chalk is convcTled into quicklime a loss in weight 
occurs. IbCotc //«• use of the Indunce * at that time t^uanlUufivc 
xvork ~a>as rare,] 

(11} This loss in weight is due to evolution ol a gas, Jixed an 
fi.e, COJ. 

(lii) Magnesia alba fa carl)onale ol ni^^^nesjumj undergoes a 
similar loss in weight, and for a similar reason. 

(iv) Mild alkalis [Na^CO, and Kj(X)j] suffer no such loss when 
heated, though, like chalk and limestone, they Iom^ fixed 
air (COJ when treated with dilute aculs. 

Deductions: 

(i) ( luUk. magnesia .ilha and (he iiiihl alkalis contain fi.xcd 
an*, which adheres to the hist with verv toiisnierablc force, 
but with less force to the other two. 

(ii) Chalk is a compound of limestone and fixed air, and mag¬ 
nesia alba a comjK)uiid ol magnesia j^MgO] and fixed air. 

Observations • 

(v) Qiiicklinio absorbs water and dissolvi‘« to form linic water. 

(vi) Lime-water turns milkj on ex|x>surc lo the air. 
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Deduction: 

(iii) The air contains particles of fixed air that combine with 
the lime in the lime-water to form a precipitate of chalk. 

Observations: 

(vii) A certain weij^ht of chalk yields a certain weight of lime 
when heated. If this lime is treated with a solution of 
mild alkali [K^CO^ or Na^COJ, it is reconverted intt) chalk, 
and the weight of chalk so obtained is equal to the original 
weight. 

(viii) After filtering off the chalk, the solution left is a solution 
of caustic alk^i fNaOH or KOH]. 

Deductions: 

(iv) The lime took fixed air from the mild alkali. 

(vi A mild ^dkali consists of caustic alkali and fixed air. 

Confiffnatitm of Deduction (v); 

A solution of caustic alkali becomes converted into a 
solution of mild alkali when exposed to air, by absorption 
of particles of atmospheric fixed air. 

Black's only other important ciiemical discovery was that of 
the bicarbonates, yet his work on carbon dioxide, <]uicklimc. and 
alkalis was so great a miisterpiece that he is justly regarded as one 
of the principal founders of chemistry. In particular, his recourse 
to the balance, as a servant and as an arbiter, at once raised bis 
work to a much higher plane than that of most of his coitten]|x>ranes, 
and set an example that never failed to produce fruitful results 
wherever it was followed. 

ScHEELK, a German apothecary domiciled in Swedish Pomerania, 
was perhaps, of all in the annals of chemistry, the most versatile at 
discovery. Chlorine, oxygen, ammonia, hydrogen chloride, hydro¬ 
gen fluoride, hydrogen sulphide, and arsenic trihydride (arsine) 
are among the gases that he was the first to isolate; while lactic, 
gallic, pnissic, oxalic, citric, tartaric, malic, mucic and uric adds, 
pyr(')galiol, glycerol, and milk-sugar form a few of the organic: 
a>mpounds whi>se dist'overj' or purification arc due to him. Anti¬ 
cipating PniESTLEY in the discovery of oxygen, he was deprived 
of pricirity in publication by the slowness of his publishers; but he 
went further than Priestley in showing that ordinary air consists 
of two kinds of gas. He noticed also that part of the air is lost in 
combustion, and observed that the residual air was relatively 
lighter than the original air. The part of the air which was lost 
during combustion he was unable to find again. He remarks that 
it might be suggested that ' the lost air still remains in the residual 



HISTORICAL INTRODUCTION 


27 

air winch can no more unite with phlogiston; for, since I have found 
that it is lighter than ordinan' air, it might be l>elievcd that the 
phlogiston united with tliis air makes it lighter, as appears to be 
known already from otlicr experiments. Jiut since j)hlogiston is 
a substance, which always prcsuppixses stmie weight, I much doubt 
whetlier such !iytK)thesis has any foundation.' Sciucei-e was 
closer than he realized to a supreme discovery, that was, in fact, 
made by the great Frenchman Lavoisihu in circumstances shortly 
to bo drscrilicd. In s|)ite of occasional doubts and ditlicultics, 
SciiEEtE never scriouslv suspected the plik^istoii theory, even 
when Lavoisimk's historic o.xporinients were creating a chemical 
revolution. 

]‘or our imnirdiHte purpase, the researches of Cavendish cun be 
very l>ru’fly reviewed, though the reader wili again be well advised 
to turn to the rej)rint of some of his chid pa|)ers (Alembic Club 
Reprints, No. ^id study it caiefully. One of Cavendish's 
principal discoveries was that of hydrogen (1766), which he called 
tnjlamntable air and obtained by the action of dilute sulphuric 
acid or <lilute hy< 1 rochlono acid u}>on zinc or iron. Hr* [irovcd 
further (17^14) that water, instead of being an element, is a r<jin- 
pound of inliammable air with dephlogisUcatiHl ;iir (oxygi'u), 
tliscovered a few years lat<rr than hydrogen by Priestley (p, 2H). 
Finally lie showed that nitric acid and nitre contain dephlogisticatcd 
air and pihlogisticaled air (nitrogen), and that atmospheric nitrogen 
contains trace.s of a constituent (argon) that will not combine with 
oxvg< n under the influence of the electric spark. Like Schekle, 
and like Puiestlky —to whom we must now turn— Cavendish 
was a disciple of phlogiston, and never retractexi his allegiance, 
though this may have Ix^en l>ecause his mind had become absorbed 
in electrical problems bv the time Lavoisier's new theory of 
combustion was fuUv elaborated. 

Dephlogisticated Air.—In August 1774 Priestley heated red 
calx of mercury (HgO) by means ol a burning-glass. Much to hLs 
surprise, he obl.iine*l (<i) mercury, and (A) a gas with the remark¬ 
able property of relighting glowing pieces of wotid and <jf sup¬ 
porting combustion in general much better than ordinary air. 
If the reader has assimilated the main diKtrincs of phlogiston, lie 
will lx» able to appreciate Priestley's amazement at such an 
entirely unexpec ted result. According to the phlogi‘>ton thecny, 

meratrv ailmercury- phlogiston. 

licence to convert nKTCury’ calx into mercury, the former must 
bn supplied with phU^isloii, and .since Phikstley h;ul heated tlie 
nalx entirely unmixc^l with any other substance, ht* was at a 
complete loss to account for the phenuineiKm. He was equally 
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unable to offer any suggestion as to tlie source of the gas that was 
evolved; but obseiving its striking power of supporting combustion 
he presumed it to be* atmosphenc air from which phlogiston normally 
present (as a result of the combustion of coal, wood, etc.) had been 
rem(jved, and winch had llius been confoned w'lih the power of al>- 
sorhing more phlogiston than it would ordinarily take up. In accord¬ 
ance with this view he named the gas drphlo^tsiicaUd air. Not for a 
moment <iid he conceive the possibility that the facts might be ex¬ 
plained upon some other theory than that of plilogislun. When the 
need for an explanation became urgent, he vacillated from one un¬ 
substantial hypothesis to another, finally cirriving at the JolJowing 
conclusion: In the formation of mercury calx from mercury, viz. 
by healing tlie metal in air for some considerable time to a teui* 
perature just below its boiHng-jioint, the phlogiston of the metal 
unites with pure or dcphlogisticatctl air from the atmosphere so as 
together l<» form a fixed air (which is not, in this case, carbon 
dioxide, as with Ulack). Hence the cabc may be s<iid to lx* mercury 
united with this fixed air. 'Then, in a greater degree of heat than 
that in which the union was fonncti, the fixed air is again decom¬ 
posed; the phlogiston in it reviving tlie metal, while llie pure or 
dophlogisticated air is set free. Consequently the mercury calx- 
act u ally cimtains within itself all the phlogiston that is necessary 
to the revival of the mercury. 

This involved suggestion is typical of the subsidiary hypotheses 
now t)ccoming necessary to support the phl(i?.;iston llieoiy in the 
liglil of intractable facts daily increasing in number and insistence. 
Some of these facts we may next consider. 

Difficulties o! Phlc^ton.— In his Cour$ Jc Ckymic (1O75), Lkmkky 
mentions that 'in the calcination of lead and td several oilier 
substances there (Kcurs an effect, which well desiTves that sumo 
attention should be \k\u\ to it; it is that although by the artiem of 
the fire the sulphureoiLS or volatile parts of the lead are dissijiatcd^ 
which should make it decrease in weight, nevertheless after a long 
calcination it is found that instead of weighing less tliini it did, it 
weighs more.' Kky (1630) tells us that the same observation 
had been made bv his friend Ukun ; ;Lnd indeed the fact had been 
known for centuries. Boyle, in ibfii, had put forward the sug¬ 
gestion that, in the process of calcination, ' multitudes of fiery 
corpuscles,' or particles of heat (then supposed to bo a matuiial 
substance), pass through the pores of the glass vessel in which 
the operation is carried out, and unite with metal undergoing 
calcination. 

When the phenomenon was pressed upon the attention of jihlogis- 
liaii chemists, they counterefl the attack in three ways. In the 
first place, they replied that phlogiston had explained much, and 
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that therefore, though the increase in weight 011 calcination at 
the moment inexplicable, the solution of the (HHiculty might safelv 
he left to the future. There is nothing inlrinMcally repiohrnsihle 
in the adoption of this attitude, which can usually be jxirallelcd 
in the hUtorv of any thciirj' and is, in fact, not dissimilar from ihc 
present position of the theory of the nature of electrons. At worst, 
it is merfly a conlession of weak ness; at l)cst, it repr<*s(‘iils that 
suspension of judgment which is a very ilesirahlc qunhlv in a man 
of science faced with a conflict of evidence. It was certaitily 
jiieferuble to tlic second line of <le fence, which at tempi ('<1 ia meet 
a prosaic fact bv the adi>i)tum of a fantastic hypothesis, vi/.. that 
phlogiston had negative weight or ' levity/ ' Phlfigiston/ said 
Vknki. in his course* of chcmistiy at the Uiuversily <it MoiUjiellier, 
Ms not ailracled towards the earth, hut tends to nse; thcncc 
ci>mes tlui increase in weiglil m the f<»rmation of nn^tallic calces 
and tlie diminution in weiglit in their rediution/ The endowment 
of a siipiiositilioiis entity with a uiii(|uelv improbable (]iial)tv has 
little to recommend it as a melluKl of adv.iiuing scieutilic kiunv- 
ledge; actually the suggest ion reccivetl little Mip|iort and the 
phlogistians Ihcinwlvcs fo? the in<»bt p«irt drew a dtceiit v(‘)l <jV(T 
sticli a scientifically obscene ejnscHle. 

A thiid cxplnnation <letik‘d the reality of the supposed fact. 
According the advocate*^ of this view, the increast* in weiglit 
\v:is onlv apjiarent and was caused by the greater dciisitv of the 
calces tluui of the metals; on weighing in air, the sinalliT vidurne 
ol air displaced bv the calx made the apparent weight greater. 
It was conveniently forgotten that, in most the calces have 

smaller cl<'nsitRS than the metals from which thev arc h^rmerl. 

In addition to ihir<' who advanced one <ir in(»re of tlie above 
‘ explanation?,' there were many stalwarts who admittei! tlie fact 
hut resoluttdy declined to allow it any im|)ortancc. Siicli a stiite 
of affairs may serve to remind us that the age of (luaiititative 
cliemistry had tiot yt*t dawned, though the morning star of Kl,^cK s 
work lieralded its near approach 

Reference has already been made to a further difheu It y encoun¬ 
tered by the phlogiston theory, viz. the nece.ssily of air f</r com¬ 
bustion. Boyle (1672) bad shown that sulphur will not burn in 
a vacuum, and Stahl liimstdf \va.s fully aware that calcination of 
metals cannot be effected in vessels devoid of air. If njinhustion 
and calcination are esstmtially a mere dL<*iigagement 0/ phlogiston, 
there would ap]X;ar to be no rcai>on why these processes shtiuid not 
take place e<]U<iJly well in a vacuum a.s in air, if not indeed better. 
The explanation advanced w'as, as we have seen, that air is necessary 
<is an absorbent medium for the phlogiston; but this explanation 
failed to make clear the reason for the fact that, after combustion. 
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the residual air occupies a smaller volume than the original air. 
No sati^factory hypothes^is to account for the last phenomenon was, 
in point of history, ever promulgated. 

These and similar difficulties—such as the formation of water 
when a motullie calv is reduced in in flammable air, which was con¬ 
sidered to be phl<»giston united with a little heat—might have beet) 
expected to shake the faith ol S'Iahl's disciples. Bui, us PniESTLiiY 
himsilf remarked, ‘ wo may lake a maxim so .strongly foi granted 
that the plaimst evidence of sense will not entirely change, and 
tdten haully nnxhfy, our jicrsuasiotis; and the more ingenious a 
man is, llu* more eOectually he is entangled in his errcirs, nis ingc- 
miilv onlv helping him to deceive him.s(']f by evading the iurce of 
Itulh.' Had JhtirsTLEY applied this sententious aphoiism to 
himself, WuKTz might have had no occHsion to declaim, in Jalci 
years. La chimic csi unc science Jtan^aisc: elU Jut constititce fni* 
Lavoisier d'iinmortelle intHmirc. 

The Overthrow ol Phlogiston.* History a^ords u.s low cxuinples 
of tlio complete reorientation of a science through the cfff>rts of a 
single individual. Such, however, was the feat trininjihandv 
acliicved by Lavoisiku (1743-94), who ]>crishcd in the Revolution 
but surpassed it in significance. 

Tlie hirtiiiiatc posscs.sor of lioth a brilliant intelligence and 
ample wealtli, LAVoisibU \va.s ideally ixpiipiH'd for his task. ICarly 
attracted to llie ^tiidy of problems of combust ion. he soon con- 
tirmed and extendexi previous ol>servalions on tlie burning ol 
substances in enclosed volumes of air. Thus, on burning a pi)*ce ol 
phosphorus under a Ixdhjar inverted in a trough of mercury, he 
made the following ohservatious: (i) \ liniitecl vohiine of air will 
not burn an unlimited weight of phosphonis; (ii) when an excess of 
phosphorus is nstxl the flame is extiiiguislunl after a time, heforo 
the complete combustion of the phosphorus; (3) to relight the 
rcshlual phospliorus, or to burn a fresh piece, tlu* addition of morr 
air IS necessary; (4) a odourless solid, *[)hospIuu*ir acid/ Ls formed 
(In ring the com bn si ion; (5) after the comjilction of the react i<m the 
residual air occupk’S about four-lifths of the original volunui; 
(6) the weight of * phosjihoric acid' prod need is about two and a 
half times lliat of the phosplionLS taken, and (7) the resiiliial air 5- 
slightly lighter than ordinarv air, and will no longei support cuni- 
bustion or life. 

I-AVoisiKK followed up Ihis liiie of exjKTiineuI bv fnrlluT re- 
s^avches on the calc in at 1011 of tin and load. It will lx* naiunnbered 
tl)at the mcrease m w-eis'ht that occurs when tin and k‘ad arc 
burnt had already luvn observed iinuiy limes, and was now 
common knowledge. The only explanatitm tliat Lavoisier re¬ 
garded as at all srilisfaclor^' was that adv;uiced by Hoyi.k, who 
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supposed that heat—which he consuIertHl a material substance— 
had passed through the vessel from the fire to the metal, thus 
causing the incre;isc in weight. Kefl^'Ction showed» however, that 
this hypothesis was easily susceptible of cxjx^nmctital proof or 
(lispn>of, ;\s I-AN'DisiKit most lu<*i<lly e.xplains: 

‘If,' he says, ‘the increase m weight of metals calcined in 
closed vessels is <tiie. Hoyle thought, to the iwhlitimi of the 
matter of flame and lire which ]>enetrates (he pores of the glass 
ajid combines with the uietal, it follows that if, after having intro¬ 
duced a known quantity of met id into a glass vessel, and having 
sealed it herm**tica!ly, one doteimines its weight exaclly; and that 
if one then pnKreeds to ihe ealoinatum in a charcoal fire, as Boyle 
dul; and l:l^flv that if one then reweighs the siiiie vessel after the 
calcination, before tq>cniiig it. its weight might to be found to have 
increased bv the whoh' of the quaiility of tlic mutter of tire which 
entered during the ealctiialion. 

' If, on the contrary ... the increase* in weight of the metallic 
calx is not due to the rombmation of the matter of fire nor to any 
exteri(;r matter whatever. I nit to the fixation of a ^xirtion of the 
nir contained in the space uf the ves.s<*l. tlic vess<*l ought not to 
weigh more after the calcination than before, it ought merely to 
In' fouiv! piartlv emptv of air, and the increase' in weight of the vessel 
should take j)iaee only at the moment when tlie missing txMion 
of air is allowed to entix/ 

I.AVoisiEH than prcKcedcd to put his views to the test of experi¬ 
ment, He took a weiglie <1 glass flask, introduced a weighed 
(quantity of tin, scaled the flask hermetically, and then heated it 
f<ii an hour or two mi til no further calcination appeared to be 
faking place inside. H«' now allowed the flask to cool, after which 
he weighed it. There was no change in weight. Upon opening 
the flask, air w'as heard to rush in, and when the apparatus was 
weighed once more, an increase in weight was found. TJic actual 
figuies obtained in the experiment are as follows: 

Onces (jros Gratus 

Weight of flask . . . . 12 0 5175 

Weight of flask plus tin . . . .20 6 5173 

Weight of tin . . . -80 o*oo 

Aj/er calcination hut before opening: 

Weight of whole apparatus, unchanged. 

After calctnalion and opening • 

Onces Gros Grains 

Weight of whole apparatus . 20 6 6i*8i 

Increase in weight on calcination .00 io*ofi 

•n 
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L^voisir.H next removed the tin calx and residual tin Ironi the 
flask and weigheti them separately; 

Cros Craius 

Tin calx ....... 2 7 275 

Tin. 31 7.23 

Total vvcifdit calcination . . .80 10*00 

but total before calcinaii<»n . .80 o*oo 

Increase in weight on calcination . .00 10'oo 

These results showed clearly that the increase in weight was 
due, not to the absorption of a hypothetical ' matter tiro ' a.s 
BoYi.r. had snpjwiscd, but to an absorption of air, the iiirrea' ' in 
weight of the rnctal being iUmost exactly equal to the weight ol 
air wliicli rushed in when the flask waso|X'ned. 

I'urthcr cxi>cnjnents i»n the same linos led him to concUiUe* 

' First, that one cannot calcine an unlimited (juanlity of tin in 
a given (juantity of air. 

' Second, that the quantity of metal calcined isgroalei in a large 
vessel than in a small one, alt hough it cannot yet bv afliiined that 
the quantity of metal calcined is exactly proportional to the capacity' 
of the vessels. 

' Third, that the heimetically sealed vessels, weighed before and 
after the calcination of the portum of tin they contain, show no 
difference in weight, which clearly provi^s that the incre^isc in 
weight of the metal comes neither from the material of the fire nor 
from any matter exterior to the vessel. 

' Fourtti, that in every calcination of tin, the increase in weight of 
the metal is, fairly exactly, ixjual to the weiglit ol the quantity of 
air absorbed, which proves that the portion of tlie air whicli com¬ 
bines with the metal during the calcination, has a specific gravity 
nearly equal to that of atmospheric air. 

' 1 may add that, from certain considerations drawn from actual 
cxf)eriments made upon the calcination of metals in closed vessels, 
considerations which it would be difficult for me to explain to the 
reader without going into loo great detail. I arn led to believe that 
the portion of the air which combines with the metals is slightly 
hcavit'f than atmospheric air, and lliat that w'hich remains after 
the calcination is, on the contrary’, rather lighter. Atmospheric 
air, on this a.ssumptioii. would form, relatively to the bpecific 
gravity, a mean result l>etween these two airs.* 

His experimental figures enabled him to deduce that the air 
must consist of at least two gases, only one of which is cf»ncorned 
in rain nation. Bv a measurement of the capacity of llie flask, he 
was able to calculalc the weight of air it originally contained► 
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This was considerably greater than the weight of air that entered 
when the flask was opened, the deduction therefore being that only 
a part of the air had been used. Now, since there was an excess 
of tin, the cessation of calcination before the whole of the air hail 
been consumed could be explained only on the assumption that the 
air consists of a mixture of gases, of which one can effect calcmation 
while the others cannot. 

It was at this juncture that I..aviusikk met Tkiks rueY while the 
latter was on u visit to l*ans (Oc*lol)cr 1774) and heard about the 
surprising exjx'Tiiuent on reil calx of merenrx'. How much informa¬ 
tion I'RiicsTLKV imparled to Lwoisikk is a matter of unaTlaiiit>', 
but it c(»uld not have IxHui a great deal, for he had had hut Ml lie 
time to investigate the projxjrtics of dephlogisticated air since 
discoveiing it in the previous August. However, a mere liint was 
^ufficicnt lor LAVoisibH, who. during the winter of I774*5, r(ii)ealed 
and extended Pkiestj.ly’s ex|)criinciits. HU lirst care was in 
confirm tiu* generally atvepted bidief tliat re<l calx of merciirv 
really is a calx, comparable in character to llie calces of other metuN. 
To do this, he Iieated an ounce of the substance witli powdered 
charcoal in a small retort, and showed that mercury and fixed air 
[CO^) were products). Siiia* this reaction—fonmation ol metal and 
lixcd air- - H characteristic of calces when hcahnl witli charcoal, he 
felt justified m assuming that the fed jKovdor in questimi was defi¬ 
nitely cal.x ol mercury. He next heated some of the calx by itsidf, 
and olKcrved tbal one ounce of it yichleil seven gnn mid eighteen 
grams (d liquid metcurv and sevenly-ciphl cubic inches of PuilvST- 
i.ltv's dcplilogistirated .ur. Investigation of the gxs showed rt to 
have the following )»rof«'rtus* 

(i) It was insoluble in watei. unlike fixed air. 

(ii) It would not turn lime-water milky, as lixcd air does. 

(iii) ft would not combine with alkalis, as fixed air d(H*s. 

(iv) It was able to bring abt»ut the calcination of melals. 

(v) It supjKirtcd life and combustion very well 

These i>ro[)errics conclusively demonstrated that the ga.s w;m not 
lixcd air, but that it was a gas ‘ purer * than atmospheric air. 

' Hence it would appear to be provetl.' he eonlinues, ' tliat the 
principle which combines with metals during their calcination, an<l 
which increases their weight, is no other than the purest portion 
of the very air that surrounds us, that we breathe, and that passes 
during this operation [calcination] from the elastic state to the solid 
state. Hence the production of fixed air in all cases of melallic 
reductions with charcoal is due to the combination of the charcoal 
with the pure portion of the air; and it is very probable that all 
metallic calces would, like that of mercury, yield nothing but 
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“ eminently respirable air if one could reduce them all without 
addition [of any reducing agent], as one reduces red precipitate of 
mercury per $e [HgO; calx of mercury]. . . . 

' Since in the revivification of the mercury calx all the charcoal 
disappeais and only mercury and fixed air are obtained, it is 
necessary to conclude that the principle hitherto called fixed air is 
the result of the combination of the eminently respirable ]x>rtion 
of the air with the cliarcoiil/ 

Briefly expressed, 1 -AV<usier's conclusions from the experiments 
just mentioned were* 

(i) Mercury ‘ calx ' is a compound of mercury and ‘ enincntly 
respirable air.' 

(ii) On heating, the calx decomposes into its constituentsr. 

(iii) Fixed air is a compound of carbon and ‘ eminently respirable 
air/ 

(iv) Mercury calx-l-carbon^mercury+fixed air 


These conclusions are, of course, those that we now accept; but 
Lavoisier whs not yet content. His main objective at the municut, 
to which the previous experiments were but a preliminary, wa^ i he 
composition of the atmosphere. It was in pursuit of this aim tliiit 
he carried out the classicil investigation descrilx^d in his EUmeniary 
Treatise on Chemistry', an investigation of more consec]UeiK:e th;m 
any other single experiment in the history at chemistry. * J.avoi- 
sier’s Experiment/ to give it the name that marks il hs his chej 
d*csuvre, was as follows—'the words arc those of Lavoisier hiinsolf: 

* I took a inatra.s.s (A. 
Fig. i) of about 36 cubi- 
cal inches capacity, 
having a long neck 
KCDK, of six or seven 
lines 1 ulema I diameter, 
and having bent the 
neck as in the figure, 
to allow of it.s being 
placeil in the fumace 
MMNN, in such a 
manner that the ex¬ 
tremity of its neck E 
might Ik* inserted urvcler 
a belJ‘glass FG. placed 
in a trough of tjuick- 
silver RRSS; I introduced four ounces of pure mercur>’ into 
the matrass, and, by means of a syphon, exhausted the air 
in the receiver FG, so as to raise the quicksilver to LL, and 1 
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carefully marked the height at which it stood, by pasting on a 
slip of paper. Having accurately noted the height of the ther¬ 
mometer and barometer, I lighted a fire in the furnace MMXN, 
which I kept up almost continually during twelve days, so as to 
keep the quicksilver always very near its boiling-poitit. Nothing 
rcmarknble took place during the first day: the mercury, though 
not boiling, was continually evaporating, and covered the interior 
surface of tire vessel with small drops, at first very minute, which 
gradually augmenting to a snflkient size, fell back into the mtiss at 
the bottom of the vessel. On the second day, small red particles 
began to appear on the surface of the mercury; these, during the 
four or five following days, gradually increased in size and number, 
after which they ceased to increase in cither respect. At the end 
of twelve days, seeing that the calcination of the mercury did not 
at all increase, I extinguished the hre, and allowed tlie vessels to 
cool. 1'hc bulk of air in the l>ody and neck of the matrass, and in 
the bell-glass, reduced to a medium of 28 inches of the baromolor 
and 51 * 5 ® the thermometer, at the commencement of the experi¬ 
ment was about 50 cubical inches. At the end of the experiment 
the remaining air, reduced to the same medium pressure and 
temperature, was only l)ctween 42 and 43 cubical inches; conse¬ 
quently it had lost about one-sixth of its bulk. Afterwards, having 
collected all the re<l particles, formed during the experiment, from 
the running mercury in which they floated, 1 found these to amount 
10 45 gmins. 

’ I was obliged to repcot fhLs experiment several times, as it is 
difficult in one e.xjKTiinent both to preserve the whole air upxin 
which w<j (jperate, and to collect the whole of the red particles, or 
calx of mercury, which is formed during the calcination. It will 
often happen in the so<inel, that 1 shall, in this manner, give in one 
detail the results of tw'o or three experiments of the same nature. 

' The air which romaincil after the calcination of the mercury in 
this experiment, and which was reduced to five-sixths of its former 
bulk, was no longer fit cither for respiration or for combustion; 
animals being introduces! into it were suflocatcd in a few seconds, 
and when a ta]>er was plunged into it, it wiLs extinguished as if 
it had been immersed in water. 

‘ 111 the next place I took 45 grains of red matter formed during 
this experiment, which I put into a small glass retort, having a 
[iroper iipparatus for receiving such liquid, or gaseous product, 
as might l->o extracted. Having applied a fire to the retort in the 
furnace, I observed that, in proportion as the red matter became 
licated. the intensity of its colour augmented. When the retort 
w'as iilinost red-hot, the rod mutter began gradually to decrease 
in bulk, and in a few minutes after it disappeared altogether; at 
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the same time 41 i grains of running mercury were collected in 
the recipient, and 7 or 8 cubical inches of clastic fluid, greatly 
more capable of supporting both respiration and combustion than 
atmospherical air, were collected in the bcU^lass. 

* A part of this air being put into a glass tube of about an inch 
diameter, showed the following properties: A taper burned in it 
with a dazzling splendour, and charcoal, instead of consuming 
quietly as it docs in common air, burnt with a flame, attended 
with a decrepitating noise, like phosphorus, and threw out sucli a 
brilliant light that the eyes could hardly endure it. This species 
of air was discovered almost at the same time by Dr. Priestley, 
Mr. Schecle, and myself. Dr. Priestley gave it the name of rfe- 
phloghticaied air, Mr, Schccle called it empyreal art; at flrst I named 
it ktfihiy respirable air, to which has since been substituted the tenn 
of vital air. Wc shall piesently see what we ought to think of lliese 
denominations. 

' Ill reflecting upon the circumstances of this expx^riment, wo 
readily perceive, tliat the mercury, during its calcination, absorbs 
the salubrious and respirable i>art of the air, or, to speak mc^re 
striclly, the base of this respirable part; that the remaining air is 
a sjWcies of mephitis, incapible of supixirting combustion or 
respiration; and consequently that aimasphcric air is com]X)sed of 
two elastic fluids of different and opjiosite qualities. As a proof of 
this important truth, if we recombine these two elastic fluids, 
which we have separately obtained in the above o.\jx:riniciu, viz. 
the 42 culiical inches oi mephitis, with the 8 cubical inches of 
respirabU* air, wc reproduce an air precisely similar to that of the 
atmosphere, and pt)s.sessiiig nearly the s;ime power of suj>porling 
crmibustion and respiration, and of contributing to the calcination 
of metals.* 

Lavoisier was fully alive to the reA'olulionary character of the 
conclusions at which he had arTivc<l. Writing in 177?^, he prefaces 
a first cautious attack on phlogiston by some unexceptionable 
remarks on the nature of scientific hy pot bases and the cries in 
general. Theoretical systems in phj'sical science, he urged, arc 
nothing more than instruments with which to succt>iir the weakness 
of our senses; projx^rly sj>eaking, they <in* methods of approximation 
that put us on the road to the solution of the problem, They are 
hypotheses that, if successivi^ly modified, conccted and changed 
in accordance with the demands of expenmeutaj fact, will unfail¬ 
ingly lead us to a knowledge of Ihc true laws of nature. 

After this (unsuccessful) attempt to disarm opposition, he sets 
out his new' theory of combustion, according to wliich: 

(i) The active agent in combustion is Priksti.ey's dephlogisli- 
cated air. 
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(h) This ‘ air,' Ijettcr named ' eminent I v respirable ntr/ is con¬ 
tained in the alnmsphere to tlie exlciit of approximately 
onO‘Si.\lh pari l>_v v<*liin.e, and is the only part of the 
atmosphere capable ot ^uj>|Kjrting combustion. 

(ill) ^Vhen a substance bums, it abwirbs eminently respirable 
air, and the iiicreasi' in weij’lil is exact!)' equal to the weight 
of this air taken uji. 

(iv) On calcination, 

metal ( cmim ntly respirable air iiiclailic calx, 
(element) ((ornpound) 

not, IIS the phlogiston theory has it, 

metal—]>hlugislon — melaUic calx, 

(compound) (clement) 

Lwotsihr’s theory at first gain<*d little headway^ l>ut in 7783 
\ui niiide a second onslaught in Ills Hejlcriions on Ph/ogninn. In 
I he meant j me he had shown that the combination of incnst eminently 
ios|>irable air with snifihnr yieldixl sulplinnc acid, with i)h(js]>horns 
plios|)iiorir acid, and with carb-ui caiUmic acid. Regarding tin' 
g.is as the essential principle of acids, he acc(»rdiiigly changcxl lU 
name to oxyf^cn. 

in the ctricbraled Pi/lecltofts he threw CdUlion to tlie winds, 
maintaining that lus oxyghic explained * the chic! difh- 

ciiltii'S of chemistry ' with an astonishing simplicity—a claim that 
wc must admit to liave Iweii |X'rfcctly true. * But if in chc*mistry 
• voiN'thiiig c;ui lx* satislactonly explaiuetl without the help of 
plihigislon, by that fact alone it is cxcec<lingly probable that such 
a laiTjejple <IrK*s not exist, that it is a hypothetical entity, a 
gratuitous supp^silion; now, one of the principles ol sound logic 
IS not to multiply entities unnecessarily. Perhaps I might have 
confined myself (o Ihese negalive proofs, aixl stayed con foul with 
having proved that tlio plKiioincna can l>c l>cltcr explained without 
phlogiston than with it; but it is time for me to express myself in 
a more precise and (oriiial manner coiiccnimg an opinion that I 
regard as an error fatal to chemistry, an error that seems to nu* 
to have considerably lelariksl progress by tlie unsound metliod 
of reasoning it has introduced. ... It is time to recall chemistry 
to a more rigorous method of reasoning; to strip tlic facts wilh which 
this science is enrichi^d every day from that which reasoning and 
prejudices add thereto; to dislingiiisli fact nn<l ohfu^rvation from 
that which is systematic and hypothetical; finally, to mark the 
limit, so to s])eak, to which chemical knowledge has arrived, in 
order tliat those who follow us may set out with confidence from 
this point to advance the science. . . . Chemists have made oi 
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',>hlogfistcm a vague principle which is not rigorously defined, and 
which consequently adapts itself to all explanations into which 
it may he brought. Stmictimes this princij^lc is hca\y. and some¬ 
times it is not; sometimes it is free firo. sometimes it is hre combined 
with tlie earthy element; somclimt^ it j><iss<‘s through the pores o( 
vcsst'ls, and sometimes they arc impenetrable for it. It explains 
at once causticity nml non-causticity, transparency and opacity» 
colours and the abw'uce of colours. It is a veritable Pn4eus 
which changes its form at everv' instant.' 

After the jmblicalion of this article. Lavoisikk rapidly wmi 
over to his side the majority of his fcUow-chenusts, th‘»ugh hr 
suffered much ojqiosiiion from Pkiestlry and certain othcis 
among the older men. His victorj' was har<l-wun, and tin lead 'j 
should not imagine that there was anything m the nature eutlin 
siasm to abandon phlogiston for oxygen. Indeed, if space aJovsod, 
we should find it extremely instructive to follow the forluaes of 
the lirjttlc from stage to stage; but since this i.s not {Xjssible, we must 
content ourselves by pointing out that, though tlic phlogisU^n 
theory was overthrown, the fads tliat the phlogistiaii chemists 
had ascertained and systematized remained a j>cnuanent nc(]uisition 
to tile .stock of human knowledge. It is sometimes argued, t %cn 
by cultured minds, that no reliance is to Ixi placed uih>ii the vuim 
of science, since her thei»rie.s are contiimally changing. Su<*h jui 
attitude is entirely iinju.stilia1>ie, (a) since the ac(:umululi<m of 
experiment ally confirme<l facts progi esses steadily hi spite of llu' 
fate o\ theories; (6) since wlienever a new theory replaces an old 
one, a wider sweep of facts is broi^ht into the T<'gu>n of ordered 
aiTJiiigement; anti (r) since the fate of the old theory is more often 
than not merely iin absorption into the more oomprehensive system 
that succeeds it, as a rough aj>pioximation is imp licit in a ch^sei one 

With the establishment of the oxygen theory of combustimi, 
chemistry was already bc'giniiing to present a more familiar nsjiect, 
and we may therefore now proceed to dw-iiss tlie secoTul great 
pillar of the nineteen!h-century form of the science, vi^. the atoiiiii* 
thcor\' of Dal'jok. Those who wish to follow (he imixiriant W'ork 
that was carried out, in the closing ycats of the eighteenth ccnluiv 
and the opening years of the nineteenth, iiihmi ijualdative and 
quantitative analysis, and upon de.seriptive inorganic chemist ly m 
general, are referred to the standard liislories of chemistry ni( ntionrd 
at the end of this Histoiical Intiodiiclion. 

The Atomic Theory,—The development of ihe atomic theory, 
like that of the phlogiston tlieory, should lx* closely followed bv 
the student of chemistry, since it cle.uly denionslrales the 
and provisional character of scientitic theories and hypotheses and 
makes the jiragmatic nature ot scientific truth sufficiently plain 
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even to those innocent of formal philosophy. Much has been 
written on the method of science that has no particular value for 
scientists themselve?,; what it is essential (or scientists to realize 
that no theory is sacrosanct and no authority infallible. Thoufjh 
i>leclucti<in from facts to a law, followed by induction from the law 
to further (acts previously undi«covere<l, is the common course of 
scientific progress, such a method is not confined to scienci?, and 
when scientists follow it they freijuently do so unconsciously. 
The condition of scientific advance is not adherence to formal 
philosophic mctlKKi but the spirit of free iiupiiry siipix^rted by 
experiinenial confirmation. Atoms, ions, and electrons are but 
scientific fictions—convenient names for packets of associated 
phenomena—and the more quickly the young chemist learns lo 
respect them as tools, not lo worship them as eternal verities, the 
more quickly will he fit himself for productive original investigatiem. 

It is obvious that, if matter is not continuous, it must be discrete. 
Yet in classical Greece, where the Wc'^tern form of the atomic 
theory originated, tlie problem did not present itself as <juite .such 
a Mmple choice l^elwecn opposites. There were felt to be scritms 
olejections to the hypothesis of the unbroken nmtinuity of matter, 
but the human tnuid had not yet accustomed itself to the notion 
of a void, a completely empty space. Consequently, when the 
theory a^os^• that matter is composed of discrete atoms, that it has 
in fact a 'grained * structnre, the conception was so foreign that 
at first It won little acceptaiire. Atoms were conceivable, but what 
was b^'tw een them ? fo reply ‘ Etupty space' appeared sus¬ 
piciously like shirking the issue. However, the labours of Lhu- 
rirrus and Dicmockitus (fifth century b.c.) and Kiucunus (about 
300 n.c.) at length succeeded in making the idea of a void familiar, 
and the atomic theory that they developed then received respectful 
altontiijn, Our knowledge ol the Iheory is derived mainly from 
the poem of Luckktios (first rcutury n.c.), in which the earlier 
views are logically marshalled and brillijuitly exj^uncied. 'I'Ijc 
chief poinrs of permanent value, in the light of subsequent develop¬ 
ments, are as follows: 

(il There is onlv one ultimate species of matter. 

(u) Mutter is iiuleslructible and cannot be created. 

(iii) Matter is not continuous, but discrete, i.e. it has u 
* grainoil' structure. 

(iv) Matter is comjroscd of 'atoms' which arc invisibk, 
ph\sir..ilJv indivisible, hKli*stnictible, etenial and iii> 
pcnelrahle. 

(v) Between atoms thw is simply a void—emptv sj>ace. 

(vi) 'fhe atoms of different substances are different in shape, 
size and weight. 
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(vii) Atoms are m constant motion—icctilinear acxonling 1 <j 
J) i*:M(K*Kinrs—colliding wiUi» and rebounding from, one 
another ‘ like moles in a sunbeam/ 

(viii) Substances differ in projicrtie.s according h» tlie nalure, 
number am I arrangement of the atoms of which they are 
c<jni()r)sed. 

When il is pul thus baldly, wo may Ik* templed to read into tlie 
classical theory a goixl deal that U doc's not actually contain. Vet 
this tempi at ion must be resisted. ' It must always be reiremberetl 
that ancient speculation is a very different inatlei itoni miKleru 
research: at its best it rested in the main iijvm n prion rraMitiing, 
ami though observathm and even cxpcnmeiil may have gi''ai 
some knowledge ot detail, they bad little place in the licyfli^piiu'iit 
(d tlie larger fundamental thc<irics. And md (»idy <lo methods 
differ, but the fuiKlaniental conceptions <»f the atom in the aiicietil 
theory and modeln chemislr\' are wkleh* divergent. Tiie (ireel> 
conceived a pcricctly hard unalterable body, im apable ol entering 
into any combination except by jn\(.i]KiMtioii or at most rniangk- 
nicnt: nuulcrn chemistry conceives an elastic chang^'abK body, 
which in the fusion of ihemuud cotnbinatkm mergi's its inateiial 
identity in a new substance/ * In spite <i( this raihcal diligence 
belwei'ti the ancient and the m<Hlcm forms of llic alr)niic thcuiy, 
the Greeks must iicvcrlli<*lcss be given the iredit f<o liavnig faini- 
liarizefi men with the abstruse coiicepiKUis of aUuiis that had purls 
and were yol indivisible and of a void that was literally void, flow 
St range those conceptions appeared to Iv when first suggeslcd \v<‘ 
may twliaps apj)reciate‘ by the fact that ARiSTOTr.K (;5H4*3'j2 u.e.) 
-the greatest stuenlilic mind ol aiitii|UJlv^liimsill legarded tlie 
first as aiiiOTuhnis and the secoiifl as iiK'R^dible. All the w'ciglil <•! 
his authoiity wjts conseiiuently tlirown against the al<iniic theoiy, 
and when Galen, the rolebraletl physician of the second centiirv 
A.D., addled his veto to that of Aristotle, atoms suffered an eclipse 
that was to last for some fourteen hundred years. 'J'he eclijjso 
was, however, not abscdutelv total. Sjxjradically, among tlie 
Moslem scientists aiul mnong the scholars of medieval Christeiuh^m, 
the atomic conception of matter reccivcxl momentary attention; 
and though the idea was resuscitated only to be immediately 
disavow'ed, the continuity of its existence rcmauied unbroken until 
the revival of atomism in the sc^'cnteenth centurv. 

s 

One of the principal protagonists of atoms at this fH'iiod was 
Gassendi (15<)2-Ib55), who combined a virdont antipathy to 
.AiusTOTLE with a warm admiration for Epicurus. He urged the 
atomic theory of the latter with considerable persuasive skill, and 
^ C. Bailey, The Cnek Atomais and Epicutus (102S}, pp 4- $ 
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as he was fortunate enough to find a foeman worthy of his steel in 
Descartes (i596'I65o), the passages-at-aims between them brought 
atoms once more into the forefront of the public gaze. UESCARTEi^ 
was not an antbatoroist, but, like AmsTOTLE, he could not adiml 
the possibility of truly vacuous space. Neither would he allow 
that atoms were indivisible, regarding them rather as liable to he 
worn away into a still more tenuous matter by mutual friction. 
' If we assume,' he says, ' that all the matter of which the world 
is made up, had at the beginning been divided into many equal 
parts, then these could not at first have been all round, because 
spheres joined cannot constilule an entirely solid and continuous 
body such as this universe, in which . . . void cannot exist. But 
whatever the original shaix' ol these parts may have been, they 
must in lime have become round Ixjcausc they are endowed with 
rotatory motions td different kinds, and so by and by as they col¬ 
lided their corners were ground away.' But inasmuch as empty 
space can exist nowhere in the universe, it follows that the spaces 
between the particles must 1)6 fillcrl with a subtle, extremely finely 
divided matter, derived from the particles themselves by friction. 
Finally, Descartes postulated a third sort of matter, consisting 
of parts more coarse than either tlie interstitial matter or the 
.spherical partirlo.s. 

In the Cartesian interstitial matter or fnalrria coeUstis we may 
see a forerunner of the ‘ ether -“that ' subject of the verb to 
loufulat ^' with which ninctcenth-centiiry science, unable like 
Aristuti.e to conceive of jui al)sohjte void, filled the whole of 
space. In its main structure, however, the system of Descartes 
was of no immediate scientific value: it is, as usual, to the men ol 
science that we must have recourse f<ir theories that lead to definite 
results. The immediate service that Descartes and (mssendj 
rendered to science was that they brought the atomic* hypothesis 
of the structure ol matter into such j)rominence that no chemist 
could remain in ignorance of it. We find evidence of this fact in 
the writings of Boyi.e, who refers to the hypothesis that 'the 
World is made up of an innumerable multitude of singly insensible 
Corpuscles, endow’d wilh their own Sizes, Shajies, and Motions,' 
in tenns w'hich imply that it was iierfectly familiar to his con- 
tempotarics. It gained further con'^klcralion from men of science 
W'lieii Newton {t(> 42-I727) declared his allegiance. 

In his Optic Its, Newton says: ' It seems probable to mo that 
Gt>d in the beginning formed matter in solid, massv, hard, im¬ 
penetrable, moveable particles, of such sizes and figures, as most 
conduced to the end for which He formed them; and that these 
primitive particles, being solids, are inc<imi)arably harder than any 
porous bodies compoundc<l of them; even so very hard as never 
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to wear or break in pieces, no oi<iiiiarv power being able to divide 
what (rod Himself made one in the lirst creation. . . . God is nble 
to create particles of matter of several sizes and figures, and in 
several proportions to the space they occupy, and perhaps of 
different densities and ff>rces. . . . Now, by the help of these 
{irinciples, all things seem to have Ix^en composed of the 

huni ami solid j jar I ides alK>ve mentioned—variously associated 
in tlic first creation, by the c«>uiisel of an intelligent agent.* 

This passage is very reminiscent of Lucketius. but Newton 
was a scientist and applknl his hypothesis to experiinei.tal (act. 
Boyle had rcccmtly iliscovcrcd his ‘ Law/ and Nicwto' offered 
a theoretical explanation of the phenomenon in ' the first (pianli- 
tative conclusion ever formed alxmt atoms.' He pn>vc<l in tne 
Principia that ' if the density of a fluid gas which is up of 

mutually repulsive particles is proportional to the pressire, the 
forces between the particles are reciprocally proportional to the 
distances between their centres. And vice versa, mutuidly repul¬ 
sive particles, the forces bctwwn which are reciprocally proportional 
to the distances between their centres, will make up an elastic 
fluid, the density of which is proportional to the pressure,' Nlwton 
goes on: * Whether clastic fluids do really consist of particles so 
rejxdling one another, is a physical ({uestion. We have here 
demonstrated mathematically the pro|Kr(ics of fluids consisting 
of this kind, that hence philosophers may take occasitm to discuss 
that question.' 

What strikes us immeiliatcly is the great diflerence in attitude 
towards the atomic theory, between the scientists ;is exemplified 
by Newton and the general body of atomic philosophers. It 
is perfectly true to say that the atomic thwirv can be traced, in 
unbroken historical continuity, from Leucippus to Newton, but 
Newton’s position is this: * Let us suppose that there are atoms 
and see what may be deduced therefrom in accordance with ex¬ 
perimental fact,* and therein lies the vital difference l>etwe<m a 
scientific theory and a philosophic speculation. 

Newton’s suggc*stion that a gas may Ix^ composed of ]>artides 
which rej>c1 one another in a perfectly definite way was the imme¬ 
diate cause of the formulation of the chemical atomic tlicory a 
century later. 

The Atomic Theory ol Dalton.—^Though the atomic thco^\^ in 
its philosophical form, had Wn in existence for over two ihmisand 
years before the birth of JoilN D.m.ton (1760 1^4.^), he it wa?» who 
first moulded it into such a form that it l>ecamc susi*eplible of 
experitnontaJ verification. Tor th\^ reason Dalton is rightly re¬ 
garded as the founder of the modern atomic lhcor\\ It is true 
that WitxiAM Higgins {J. 1825) published ideas of a somewhat 
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similar nature to titose of Dalton about fourteen years earlier 
than the latter, but their importance was not realized at tlie time 
(1789)—owing to the controversy over plilogiston—and the lack 
of interest shown in his work discouraged HiGGiNS from continuing 
it. The sixme fate, it will be renieml)ered. befell Newlands in 
connection with his Law 0/ Octaves: yet though Higgins must be 
credited with priority over Dalton in certain essential points, 
there is no doubt that Dalton elalwratcd his thc'ory quite inde¬ 
pendently. As to the subsequent developments, which formed the 
greater part of Dalton's theory, there is no reast)n to supjwse that 
Higgins lorcsiiw them oi that he would have had the genius to carry 
thorn to the fulfjirnont they reached at the hands of Dalton. 

The sequence td events that le<l Dalton to the formulation of 
his theory is not quite clear, and since he himself gave contradictory 
accotints on difft u-nt occasions it is very unlikely that the truth 
of the mailer will ever be known. The reader who is interested in 
the subject is referred to the hist()ries of chemistry; from the present 
point of view the actual setjuence is of little importance in com- 

¥ arisen with the main features of the theory in its final form, 
hrough a fondness for meleorolog)', Dalton was lod to a study of 
the properties and composition of the atmosphere, and thence to 
an investigation of * elastic fluids' or gases in general. Steeped 
in the works of Newton, he habitually thought in terms of atoms, 
and the atomic theory seems to have first taken shape in his mind 
as a physical tlieory to explain the properties of gases. ' Having 
long l>een accustomed to make meteorological observations,' he 
said, 'and to s]>eculale utx>a the nature and constitution of the 
atmosphere, it often struck me how a compound atmosphere, or 
a mixture of two or moie elastic fluids, should constitute apparently 
a homogeneous mass, or one in all mechanical relations agreeing 
with a simple atmosphere. Newton has demonstrated clearly 
in the 23rd Wop. of Book JI of the Prtneipia that an elastic fluid 
Is constituted of small particles or atoms of matter which repel 
each other by a force ircrciLsing m proportion as their distance 
diminishes.' 

Applying Newtonian principles to llie problem of mixed gases, 
ho was able to account for a phencjmcnon he had observed in 
1801, viz. that the pressure in a mixture of gasc's is the sum of 
the partial pressures, or that in such a mixture each gas exerts 
the same pressure as it would if it were separately enclosed in the 
volume occupied by the whole mixture. This he explained by 
assuming that when two gases, ‘ flenotcd by A anti H, arc mixed 
together, there is no mutual repulsion amongst their partirles, 
that is, th(; particles of A do not repel those of H, as they do one 
another.' Although this explanation is no lotigei held, it shoiw 
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that Dai.ton was already employing an atomic hypothesis, and 
that he was profoundly influenced by the ideas of Nkwton. Two 
years later, Dai.ton was able to publish a further generalizatum, 
which stated that if a mixtine of gases is exposed to a liquid, each 
gas dissolves in the liquid according to its partial pressure. 

From the mental ])irture he had formed of the atomic ron'^titiition 
of gases, Dalton was led to jxmdei the possibility of an experimental 
detenninatitrn of the relative weights of atoms of (Hficreiit kinds. 
It was here that his genius at onre made itself apparent. Having 
discovered that carNm i ho vide contained twiai as much oxygen, 
ft^r a given quantity of carbon, a.s carlwnic oxide [carlun) inimo.xidel, 
he made the b<ild assumption tliat the ' conq>oand aumi' of 
carbonic oxide consisted of one atom of carbon and one of oxyg< n, 
and that the ' compound atom * of carbon tlioxitle consisted of 
one atom of carl>on and two of oxygen. If this assuin]>licn wore 
correct, then the ratio by weight <jf oxygen to carl>on in carbcjiiic 
oxi<le must be the same as the relative weights of the atoms of 
these two elements. Similnr groui>s of comjjoiitids for whicli 
Dalton oblained analyliral d.iUi w<Te olofianl ga.-' and 

methane [CH^ ; and nitrous gas [NOJ, nitrous oxkle INgO], aial 
nitric acid' H<? found tliat the same kind of n'latu^n 

bold, viz. that wlion two or more eloincnls combine to fr^rrn nioie 
than one compound, then the ihlfercnt weights of one element that 
combine with a fixcrl weight of tlie other an* in a sinii>le ratio to 
one another; he had, in lact, discoveunl the LiUi* of Muffiplc Pro- 
horlions, though he never gave the law formal expression, in 
ilie light of this im|>ortaiil result, he was able to make conjecUm-s 
as to tlic structures of the ‘ cotn|X)und atoms' ot the substances 
in question, and thus to arrive at provisional atomie weiglils fur 
the elements contained in them. His note-book contains the 
following list, under the date (dli September, 

Hydrogen - i 

Oxygen . . 5*66 

A/.ote (nitrogen) 4 
Carl*K)n . . .p5 

Sulphur. .17 

logellier with the weights of certain * compound atoms 


Water 

6 *{>6 

• Nitric acid * [NOg] 

I5M2 

Ammonia . . 

5 

Sulphurous acid fS(\! 

22 (fi) 

Nitrous gas fNOj 

<rCi6 

Sulphuric acid j St),] 

2iS*^2 

Nitrous oxide 


Carbonic acid [COj* 




Oxhie of carlxm X ^. 

10*2 


Dalton gave a farther exfiosition of his theory^ in Chapter HI.' On 
Chemical Synthesis/ of Hart 1 of his ejxKh-makmg work, .1 Ncir 
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System of Chemical Phtlosophy (1808). Ilic chief points are as 
follows: 

1. All matter is composcil of a great number of extremcl}' sniall 
j)arlicles or atoms. To altem]>t to conreive the number of particles 
IS like attempting to conceive the number of slars in the universe; 
we are confoumled by the thought. Rut if we Iiiiut the subject, 
by taking a given volume of a gas, we sc'cm jicrsuaded lhai, let lla* 
divisions be ever so minute, the number <if particles must lie linite; 
just as in a given spare of the universe, the nuiulxjt of stars and 
jilaiiets cann<j( bo iniinitc. 

2. Cheruii'al analysis and synthesis go no farther than to the 
separation of particles one from another, and to their reunion. 
In other wonis, atoms are indestructible and cannot lx: tn'aled, 
whence may W dtfduccd the Law of ihc Conservation oj Muller, wi. 
matter can neither Imj created nor destroyed, ' No new creation 
or destruction <if matter is within the reacli of chemical agency. 
Wo might as well attempt to introduce a new planet into the solar 
system, or to aniirlnbte one already in existence, as to ireatc or 
ile^troy ii ]);u tit le <>l hydrogen. All the changes we can produce 
consist in sepal at mg jiarticlcs that arc in A state of cohesion <jr 
combination, and joining those that wore previously at a distance/ 

3. Kach elriiicnt h;is its own distinctive kind of atom, and 
similarly each ccinij>ound has its own distinctive kind of' cumpound 
atom' or ultimate mechanical particle. 'Ihus, any one atom of 
iron exactly resirmblcs any other atom (»f iion, but is different from 
the atoms of all other elements; and all ‘compound atoms' of 
walei exactly resemble one another but difliT from the ' compound 
atoms ' of all f>ther coinj>ounds. 

Jt is itniH>rlant, iuid possible, to ascertain the relative w’cighls 
of diHerent atoms. * In all chemical investigations, it has justly 
been considered an iinptutant object to ascertain the relative 
weights of the simph's jelements] which cons-titute a compound, 
Rut unfortunately the inquiry has femihuitcd here; wherea.s, from 
I lie relative weights, the relative weights of the ultimate particles 
or atoms of the bodies might have Ihx‘ii inferred, from which their 
number and weight in vatu ms other compounds would appear, in 
order to assist and to guide lulure invesl%alions, and to correct 
their results. Kow' it is one great object of this w'OTk, to show the 
importance and advantage ot avUTtaiiiing the relative weights o( 
tlie ultunate partkios, Iwith of simple and a impound bodies, tlie 
number of simple elementary jvirticlos w'hich constitute one com- 
jMJuml j^artk'lo, and the number tif less cimipound particles wliith 
enter into the formation jT one more compound particle.’ 

5. When elements combine to hum compc»uiuls, the ultimate 
particles of the comj>o\ind>> consist of stnall whole numbers ol the 
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atoms of the elements concerned. I'hus if there are two elements, 
A and B, which are <lisposc<l to combine, the following is tlie order 
in whicli the coinbinalions may take place, l>cginJiMig with the 
most simple: 

I atom of A + i atom of ultimate parlirle of C, a binary 

cojnpound. 

1 atf>rn of A+2 atoms of ultimate particle of 1 ). n ternary 
o impound. 

2 atoms (if A+i atom of IWi ultimate particle of I*', a tornarv 

1 atom of A+3 atoms of B —i ultimate particle of F, a rjnatcr- 
nary compound. 

3 atoms oi A + l atom of Bs=i ultimate particle of (i, a (puiUT* 
nary com|>ound. 

At llus stage Dauun had no means of dclorminmg the actual 
numbers of atoms in the ultimate piirlicles C(uu|M)iin<ls, so t)iat 
he liad to fall back on assumptions. The mam asminiption.s lliat 
he made wi‘n‘ tlic.s<*: 

* I St. When only one combination [compound] of two (Icmentary 
b(idles can Im? obtained, it must U* presumed to be a htuurv one, 
unk'ss some cause* appear to the contrary. 

' 2iid. When two combinations arc observed, tlioy iniHt be 
presumed to be a binary and a ternary. 

' 3rd. When three ci^mbinations arc obtained, we may (‘xpcct 
one to be a binary, and the other two tdr)Mry. 

‘ 4th. Wlicn fi'ur combinations arc observed, we should expect 
one binury, two Icnuiry, and one qiiulcnutry, etc. 

‘ 7th. The above rules and observations apply, when two com- 
poutul bodies, such us C and D, I) and E, etc., arc combined.' 

These assumptions were clearly justifiable, since they led to 
deductions that could easily be tested by direct cxjnn iment. Should 
the experimental results have been unfavourable, it wimld of course 
have been necessary to modify the assumptums made. 

Dalton's method of applying his principles inov best be und<'i- 
stood by a consideration of some ty|)ical examples: 

Water. —At that time water was the only compound of hydrogen 
and o.xygcii known. Hence, he says, we conclude that water is 
a binary comjKmnd of hydrogen and «oxygen |i.e. the ultim.iro par¬ 
ticle of water is composed of one atom of Iwdrogcn and one of 
oxygen], and the relative weights of the two elementary atoms are 
as I : 7, nearly *{1:7 since his analytical data gave this ratio as 
the ratio by weight of hy<Jrogcn to oxygen in water}. 
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Amwoma .—Ammonia wa^ the sole compound of hydrogen and 
nitrogen known to Dalton » who thus regarded it, on his sy^tcm, 
as a binary cunipound of the two elements; and since liis analysis 
of the gas gave the ratio by weight of i hydrogen to approxinuitely 
5 nitrogen, he concluded that the atomic weight of nitrogen was 5, 

Oxides oj t^iirogen .—According to Dalton, the composition of 
the ultimate particles of the oxides ol nitrogen was: 

Nitrous gas I NOj. Binary. One atom ot nitrogen and 

one atom of oxygen. 

' Nitric aci<l' fNOjj. Ternary. One atom of nitrogen and 

two atoms of oxygen. 

Nitrous oxide [NjOl. Ternary. Two atoms of nitn>gen and 

one atom of oxygen. 

' Nitrous acid ' [N,Oj|. A amn>ound of * iiuric acid ' and 

nitious gas. 

* Oxynitric acid ' fN^OJ. A compound of ‘ nitnc acid ' and 

oxygen 

Oxides oj These have already been mentioned (p, 44). 

Daltun considered carb<inic oxide fCO] to Ik* binary and carbonic 
acid [COjJ tcniury. By quatUitutive analysis it was thus easy to 
arrive at the relative weights of the oxygen and carlxjn at<ims. 

Working in tliis way, Dalton w«i.s able to extend his list of 
relative weights of the ultimate particles of elements, and it is 
important to note that he made what was then the by no moans 
j»el I-evident assumption that the weight ol a ‘ com]v>und atom ' 
is equal to the sum of the weights of the elementary atoms composing 
it. The idea that lieat was a material substance (’caloric '} was 
still held, and Dalton's tacit neglect <if the heat evolved or absorbed 
in chemical reaction'^, as fai as any possible diange in weight was 
concerned, is a notewoilhy lea lure of his inclhod. 

Dalton's improved and lengthened list ot the relative weights 
of ultimate ])ariirlcs, as given at the end of the New System, i'art 1 
(2nd edition. 1842), is as follows: 


Hydrogen 

I 

Strontites [SiiCC>j|j. 

4 ti 

Azote . 

• 5 

Barytes [BaS04, 

^kS 

Carbcmc 

5 

1 run 


Oxygen 

♦ 7 

y-nie 

50 

Phosphorus 


Cop|>cf 


Sulphur 


Lead 


Magnesia , 

• 20 

Silver . 

lOU 

Lnnc 


Platiua 

loo 

Soda 

. 28 

(iold . 

140 

Potash 

• 4 -^ 

Mertui)' 

Jh: 
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A glance ;it the table on j). 47 will show that Dalton’s values are 
in many case s very ditterent Irom those acce|)te<l at the present 
day. ihis is partly due to niaccurate analyst.-^, but a In lie con¬ 
sideration will make it apparent that the real difficulty lay in the 
fact that Dalj'on had iw comlusive means of arriving ut ihe number 
t>f atoms in the idiinuttc particle of anv com pound. Thus he assumed, 
m the absence* of evidence to the conirary, lliat the uluin.ite p.iruelc 
<if water conlauis <aily l atom ol liy<lr<jgcn and 1 i>f oxygen, 
and hence ohtaine<l. by (led not a »n Irom the data sup]jhod l)y 
(juantnative analysis, tlu' nunUicr 7 laccurale value, ol ourse, 8] 
for the atoinie winghl ol oxygen. It is, liowcvcr, obvious tliat d 
the ultimate particle of water consists of 2 atoms of nydrogeii 
and I ol oxygen, then the atomic weight of the latlci svill he 14, 
whih* n it consists ol 4, 4, s. etc., atoms of hv(hog(*ii and i ol oxvgen. 
till* at tunic weiglil of (»\vg^'n muiVl \h ii, 28. 35, etc. In tun same 
way, by regarding the nltiniale particle of aiiirnoiiia to ('onsjsf 
of I atom of hydrogen and J ol nitrogen. 1)au<jn obtained ‘ about 
3 ’ foi tin* atomic weigfit of nitn^gen. instead of the niodcni vaiiic 
Lp-winch IS based u|K»n the t.iit 1li.it 1 niol<*eiile or ultimate 
particle ol ammonia consists ot i atom of iiilrc/gv*]i combined witli 
iKjt 1 but J atoms of hydiogen. 

This hick of knowledge (d the niiiiiD.'r of atom^ tii llu* uitiniale 
particle ot a coin|K»uiK! was a >c*rious hindraiu'e to the (lovclopm 4 !nt 
of th<‘ theory. J>ai.t<)n himself was fully alive to Hk' dillicnlty, 
anil even as late iis i<S27 e\pi‘e.s.sc-s himsell as (pnli* fiankly dis- 
.satisiicd with the |Hisilion. ‘ The second object oJ the atomic 
theory/ he wntes, ‘ riiimclv, that of investigating the uumher oi 
.I toms 111 the lespeclive comiwiinds, apjH-ars to me to have been 
little understood, even by some w'lio have undertaken to expound 
ilie principles of the tlieorv. 

' \Vh(ui two IkmIics, a and H, annlnue m multiple pioiKjriions, 
for instance, 10 parts ot A combined with 7 of 15 to form one 
compound, and with 14 to toiin another, we arc directed by some 
authors to take the smallest combining proj)ortiou of one body as 
re]>ioseIllative ol the elementary particle or atom ot Uiat bo<Iy. 
Now it must l>o obvious to any one of common relied ion, that such 
a nik* will be more frequently wrong than right, h’or, by the above 
rule, we must consuler the iiist ol the combinations as containing 
I atom of B and the second as containing 2 atoms ol B, with 
I atom or more of A; where.as it is eijually pi<‘bable by the same 
rule that the compounds may be 2 atoms of A to 1 of B, and j 
atom of A to I ol B rcsjxjctively; for, the proportions being to A 
to 7 B (or, which is the same ratio, 20 A to 14 B) and 10 A to 14 B, 
it is clear by the rule, that when tlie numl)ers are thus stated, we 
must consider the former combination as composed of 2 atoms of 
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A, and the latter of i atom of A» united to i or more of B. Thus 
there would l>e an equal chance for riglrt or wrong. But it is 
possible that 10 of A, and 7 of B, may correspond to i atom A, and 
2 atoms B; and then 10 of A, and 14 ()f B, must represent i atom 
A, and 4 atoms B. Urns it aj^x^ars tlie rule will be more frequently 
wr<»ng than right. It is ncccssarj' not only to consider the combina¬ 
tion of A with B, but also tliost‘ of A with C, D, E, . . . beiure wc 
can have good reason to be satisfied with our determinations as 
to the number of atoms wliich enter into the various comprmnds. 
Elements (compounds] forme*I oi azote [nitrogen] and oxygen 
ap})ear to contain portions of *)xygeii, as the numbeis i, 2, 3, 4, 5 
successively, as to make it highly improbable that the combina¬ 
tions can l>e effected in any other than one of two ways. But in 
deciding which of those two we ought to adopt, wc have to exanune 
not only the compositions and decompositions of the several 
compounds of these two elements, but al^ com]K)unds which each 
of them forms with other bcnlies. I have spent much time and 
labour upon those compounds, and upon others of the primary 
elements, carbon, hydrogen, oxygen, and azote, which ai>jx^ar to 
me to be of the greatest importance in the atomic system; but it 
will be seen that I am not satisfied on this head, either by my own 
labour or that of others, chiefly through want of an accurate 
knowledge oJ comhinir^g pr(>j>ortions/ 

How this difficulty was at length overcome wc shall leurn in a 
rnonioiit. Wo may, however, first turn aside to sec that the simple 
laws of chemical combination .are all to be deduced from the atomic 
theory. In point of fact, thev were discovered inde{)cndently oi 
it. and the fact that they were cxj)CTimenlally cstabliiAed afforded 
strong presumptive evidence in its favour. 

1. The I.nw of tke ( omcrvatieni of Matter .—This follows from the 
)H>stulalos that matter is coni|x»sed of atoms and that atoms arc 
indestructible and uncreatabic. 

2. The Law of Constant ('omposition .—If all the ultimate particles 
of a given com|Kmnd are identical, the compound must have an 
inv'ariablc composition. 

3. Tke Law of Multiple Proportums. - Ibis follows from D.\lton's 
; issuinplion that when atoms <»f elements combine to form tin* 
ultimate imrticles of comp<iunds, they do so in small wholo 
numbers. 

Suppose, for example*, that the dements A and H unite together 
to form two diflcrcut compounds. The simph^t imaginable case 
will be when in one of the coin|x>unds the ultimate partirlo consists 
of one atom of A ami one of B, and in the oIIkt coinjfMund the 
ultimate particle consists of one atom ol A and two of ]i. Since, 
in one ullimatc particle of each of these two compounds there is 
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one atom of A, it follows that the weight of A is constant in the two 
particles. The weights of B, on the other hanJ, will be in the 
ratio of the numbers of atoms of respectively present in the 
]>articlcs; in this iastunce, 1:2. This is a simple ratio» and if 
compounds are always com|M)sed of small numbers of atoms, the 
ratio wilt always be a ratio of small numbt*rs and therefore a 
simple one. 

Although Dai-TON never gave this law formal expression, there 
is no doubt whatever that ho thonnighly understood it, and that it 
wxs. indeed, an im|X)rtant factor in the development of tlic atomic 
theory p. 44). The law was completely established, for large 
nurnixTS of rom|Kmnds, by Bkmxki.hts (177^-1848). 

4, The I,aw 0/ Reciprocal Proportions, also a logical deduction 
from the theory, states that if an clement A combines with an 
element B and also, separately, with an elcjnciit C, then if B and 
C also combine together, the proportion by weight in which they 
do so will be simply related to the ratio of tUv weights of B and 
C which combine, separately of course, with a constujit weight 
of A. The necessity of this relation will be obvious when it is 
remembered that Dai.ton (>ostulatcd (fl) that combination takes 
place between small numbers of atoms, to form the ultimate 
particles of compounds, and (6) that all the atoms of the same 
dement arc of exactly the same weight. Particular instances of 
the law were observed by Richter (1762-1807), but it was again 
Berzelius who thoroughly t'stablishcd it. 

A further debt that chemLsts owe to Berzelius is the inlioduction 
of the modern system of symbols, formulae and equations. Dalton's 
notation, consisting of cirdes with various kinds of shading, etc., 
was clumsy, forbidding, and extremely liable to error; and its 
replacement by the simple scheme of Berzelius must be regarded 
as an important factor in the success of the atomic thcoiv. 

Gay-Lussac’s Law. —The first step towards the solution of 
Dalton's difficulty in arriving at the number of atoms in the 
ultimate partide of a compound was taken by Gav-Lussac 
(1778-1850), who in 1S08 enunciated his well-known law of the 
combination of gases by volume, viz. that when gases react they 
do so in volumes that bear a simple ratio to one another and to 
the volume of the product if that is gaseous. 

'['Ills simpli- relation Ixdween the volumes of reacting gases 
appeared to have some underlying significance, and Blkzelius 
teniiitively advanced the liyjxXliesib I hat tx|ual voluine.s of gases 
contain equal numbers of atoms. As a matter of fact, Dalton, in 
tlie course of his reflections upon atoms, had alrea<ly taken this 
idea into consideration, but h«nd rejected it for what we must regard 
as a {Effect ly legitimate reason. 'At the time I formed the theory 
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of mixed gases,' he writes, ‘ I had a confused idea, as many have, 
I suppose, at this time, that the particles of elastic fluids are all ot 
the same size; that a given vohune ol oxygen gas contains just as 
many particles as the same volume of hydrc^cnous . . . but . . . 
I became convinced that difierent gases have not their pai tides 
the same size.' 

The ground of his rejection of the hypothesis is as folltjws: ‘ It 
is evident that the number of ultimate particles ... in a given 
M'eight or volume of one gas is not the same as in another; for i( 
equal measures of azotic (nitrogen] and oxygenous gases weie 
mixed, and could be instantly united chemically, they would form 
nearly two measures of nitrous gas (NOj. liaving the same weight 
as the two original measures; but the number of ultimate particles 
could at most be one half of that before the union. No two clastic 
fluids, probably, therefore, have the same number of particles, 
either in the same volume or the same weight.' 

Dalton was, in fact, inclined to believe that Gay-Lussac's 
experimental figures were inaccurate, and that the simplicity of 
his ratios was a deceptive one. His own results led him to think 
that ' gases do not unite in equal or exact measures in any one 
instance; when they appear to do 5a>, it is owing to the inaccuracy 
of our experiments.' Gay*Lussac's results were, however, correct, 
and Dalton’s were incorrect, so that the situation had reached 
an impa$%e. 

Avc^adro.—Ilow the atomic theory was to be reconciled with 
Gay*Lussac*s law could not be perceived by Dalton, simply and 
solely because the idea of the indivisibility of the atom had become 
an obsession with him. Thus, his biographer Henky tells us that, 
to clinch a certain argument, he remarked with an air of finality: 
‘ Thou knows IT MUST BE St), for no man can split an atom.* It 
remained for Avogauro (i77t>“i856) to show how the reconcilia¬ 
tion was to be efiected, with nn loss of honour or principle on 
either side. 

Avogaduo's supreme contribution to chemistry was his sug¬ 
gestion that a distinction might reasonably be made between tfie 
ultimate chemical particle of an element, the ' atom,’ and the 
ultimate physical particle ol a substance, the ‘ molecule.' While 
accepting the Daltonian indivisibility of the atom, he was able to 
visualize molecules of atomic dimensions which might or might 
not be divisible, according as they consisted of more than one 
atom <ir uf a single atom. 

In the light of this conception, he was able to offer an alternative 
hypothesis '.iSli) in explanation of G.\v-LossAC's law. ' Let us,* 
he said, ‘ suppose that c<]ual volumes of all gases—at the same 
tciTij)eralurc and pressure—contain equal numbers ul mult cities.' 
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' Setting out from this hypothesis/ he continues, ' it will be 
seen that we have a means of determining very easily the relative 
masses of the molecules of compounds which can be obtained in the 
gaseous state, and the relative number of these molecules in com- 
l^ounds; for the ratios of the masses of the moiecuUs arc* then the 
same as th<ise cd the densities of the difTorent gases, at etjual picssurc 
and temijcrature, and the relative numlxT of molecules iti a com¬ 
pound i> given directly by the ratio of the volumes of the gases 
that form it. For example, since the numl)crs i'io35<) and 0*07321 
express the densities of the two gaM*s oxygen and hydrogen, taking 
that of atmospheric air as unity, and the ratio of these two riund>ers 
consequenf ly reprt'sents the ratio Udwetm tlic masr4*s of equal 
vohinics of those two gases, it wiU also exfiress, on the hvpcdic sis 
suggested, the ratio of the masses of their molrcules, 'liuis the 
mass of the molecule of oxygen will lx* about fifteen times that of 
the molecule of hydrogen, or, more exactly. I5*074 Siniiliulv, 

the mass of the molecule of nitrogen will \k to that of 11 yd rage n as 
o*qfioi3 is to 0*07321, that is, 13 to or more exactly i.;*238 to i. 
On tlic other hand, since we know' that tin? ratio <jf ih(' volumes <>f 
hydrogen to oxygen in the lonnation of water is 2 to ], it follow'^ 
that water results from the union of each molecule of ox>'geu with 
two molecules of hydn»geii. Similarly, according to the jjj(>])or- 
tioris by volume established by M, Gay-Lussac in the rlenients of 
aminunia, oxide of nitrogen [rntnais oxide. NjOj, mtrous gas ! nitric 
oxide, NO] and nitric acid [nitrogen j)OToxi(Jc, NC)^, amnn'ina will 
result from flic niiion of one molecule of nitrogen wilh three of 
hydmgen, oxiile of nitrogen from one molecule (*f oxygen with two 
of nitrogen, nitrous gas from one molecuh' of nitrogen willi 
one of oxygen, and nitric acid from one of nitrogen with two uf 
oxygen.' 

iiic observ'ation that Dalton found an insupc'ruble obstade to 
the acceptance of Gav-Lvissac’s law, viz, that ouv vjihiine of 
nitrogen, if conihined wlh one volume j>f oxygen, yields two 
volumes of nitric oxide, receives a simple explanation in terms of 
Avogaowo's hvixdhcsis. For if two voliitncs of nitric oxide are 
obtained from one volume of nitrogen and one voiiinic of oxygen, 
then the plain Uict is that each molecule of the hist two gases 
I mist have been halvcil, and thus must a^nsist of tw^i atoms or of 
some higlier even niiinl»er. 

With the clear distinction between atoms and molecules tfi 
assist them, chonn.sts might have proc<*eded at once to the accurate 
and iinequiv(K,al deteniunation of atomic and mokauilar weiglits. 
and might thus have entered fully cquip|>ed uj)on the investigation 
of tnolccular architeitnre. Unhappily, AvocADKo'ft Imlliant siig- 
gcbiion w'as neglected for nearly fifty years, partly owing the the fact 
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that he published it in a somewhat ol>scijre journal, but maudy 
because Dalton *s authority in theoretical chemistry was supreme 
and uncliallenged. As a result oi this neglect of Avogadko, 
confusion and bewilderment c<mccnung atomic weights made 
ionnulae futile, and structural chemistry a subject lor bitter 
c<inflicts over (jucstions that were inheieiitly impnssil)Ie to settle. 
So hopeless did the whole position set‘m by the miiidlc oi tlio century 
that in a congress of chemists w’as summoned at Karlsruhe 
to consider the situation. Lothar Mkvkk, who was one of the 
nuunbers of tla* congress, relates that there he received a co]>y of 
a pampliU't by a young Italian named (‘annizzaro, uticl that ou 
reading it he fell as though .scales had In^en removed from Ins 
eyes: doubt vanished uiul wxs replaced by a feeling of serene 
security. 

Cannizzaro's j>amphlet, entillecl Skrich of a Course of Chemical 
Philosophy, was in dh'ct a masterly demonstration of the use of 
AvocAUno's hyj>ollR‘sis m si'tthiig the vexed question of atomic 
and molecular weights. He showed that the hypothesis eiiabl<\l 
the relative weights of molecules of gases to be determined by the 
purely phyfinical process of comparing the weights of e(|ual volumes 
of tlKJSe gases: and he further pointed out that, assuming tlie 
molecule of hydrogen to l>e diatomic (since the molecule of hydrogen 
chloride corn a ins half a moh*cule of hydrogen), the molecular 
weights of gaseous substances must bo twice their density relencd 
to hydr</geri. 

‘ On the basis of the hvi>otliesis fi.e. Avocadro's] cited above/ 
he s;ivs, * the weights ol the molecules are proportional to the 
densities of tlic substances in the gaseous state. If w'c W'ish the 
densities <»f vaprmrs to express the weights of the im)k*cules, it is 
exiK'dient In refer them all to the density of a simple gas taken 
as unily, rather than to the weight of a mixture of two gases such 
as air. 

* Hydrogen being the lightesl gas, wc may take it as the unit 
to which we refer the deuMlics of cither gaseous bodies, whicli in 
such a case express the weights of the molecules conijiarcd to the 
weight of tile nuilouilc of hydrogen—i. 

‘ Since I prefer to take as common unit for the weights of the 
molecules and for their Imctioiis, the wciglit of a half and not oi 
a whole molecule of hydrogen, I therefore refer the densities of the 
v.arious gaseous bodies to that of hydrogcn=2. If the den si lies 
are referred to air -i, it is sufficient to multiply by to 

change them to those referred to that of Jij'drugcii—i; and by 
28*S7 to refer them to the density of hy<irogen -.*2. 

' I write the two series of numbers, exjuessing these weights 
in the following manner: 
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‘ WlHK'vcr wislies lo rc(<T Ibc clenwties to i, aiui the 

weight of tlic molecules Kilhe weight of Haifa moUH.'ulc of liydro^^eji, 
cun bay that the weights of the irmlecules are all represented Ijy 
the wojght of two volumes. 

‘ I myself, how'cvcr, for simplicity of cxpt‘)sition. prefer to Tcfei 
the densities to that of hydrogcn=2, and so the weights of the 
molecules «irc all represented! by the weight of one volnmc. 

' From the few examples contained in the table, 1 show that the 
same substance in its different allotropic state's caij have different 
molecular weights^ without concealing the fact that the experimental 
data on which this conclusion is foundixl still reijiiire confirmation.' 
[Alemlv*' Club Reprints, No. i8, pp. 6-7.] 

CAN.N1Z2AUO next proceeded to establish the conception of the 
atomic weight of an clement as the smallest weight of tlie clement 
contained in the molecular weight of any of its compountl^. Thus 
he showed that the weights of carbon in the molecular weights of 
lh»* ff>lU)Wing compounds were all either ]2 or a simple multiple of 
12, whence he argued the atomic weight U> lie 12: 


Compound 

AJo/ecular yf'etghi 

11 t i^lit of Carbon uj 
Mvlemlur Wet ah t 

Carbonic oxide 

28 

J i 

Carbonic acid 

44 

\i 

Cartx'in sulpliidc 

7 ^ 

\2 
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16 

i* 

r'thyhuic 

2d 

\2 X i 

I'ltipylcne 

47 

i : .< \ 

Ether 

71 

IJ X 
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Only a yt’ar after the congress Karlsnihc, KiCKnui: w;i^ using 
vapour-fleiisily in<*th<ids f<'r detcmiining the molecular weights oi 
organic compounds; llie atomic w<*ights of carbon, Milplnir, and 
oxygen were accepted to be 12. and 1(1 instead of (>, lb, and 8; 
and the way lay o}H*n to Unit iinhain|>ored progress which marked 
the latter half of the niiietwiUli ci«ntiirv. Then at length Dai ton's 
atomic theory blazed into Us full glory and rcinlered possible those* 
ninaming aoiuisitions of knowledge that were in due tiiru* !<» cause 
Its own su|>erscs.sion. 

Conclusion. The main thread <il the hisiovv ol chemistry liaN 
now l>een carrieil up to the |«Hnt at w'hich, tn such a hocjk ns this, 
the principal facts of Uler <leve1opmcnt may !>e more cauivcmeiitly 
considered under the a]»pri»puatc headings in (he mam (lortion. 
We have si.'cn how cnipincal fads can l>e correlated and vivilied 
under the ionurnce of hy|‘)othesi*< and lheorv» an<l we have learned 
l<i appiaisc justly the value (»f each, hacls without llioory <lf) not 
coiiviimit* ;i science; t)ie<*ry wUlionl facts is an encumbnmee and 
valueless. At iKillom, a theory' is no moie than a sneemet cxplan<i- 
luni: a coniasc <)usrription of ttic iinlainiliar in terms o( (he fatniliar. 
WIk’D the deMTiplion is luund to lx* inadiM|iiah‘ it must be JiKalihed, 
if modilication will again rentier it adeijuate. otherwise it iias to 
be abandoned and replai'wl by a belter. Imagination therefore 
plays un iiuportunt role 111 the progn*ss of science, for the perception 
of tlu* familiar in the apparently wnfamiliar is oulv In be achieved 
by imaginative insight. Yet imagination must lx* controlled by 
<<»iisi.iiu ri'terence to lad, by instant apjieal [o the laboralt>r>: 

Ld us learn tf> dieam, genllenien,' said IvEKULt, ' then perhaps 
we shall learn the truth . . . but let us l^ewarc of publishing oiir 
dreams before they have been put to the prcx>f by the waking 
understanding.' 'I'lie elixir, the phh^istou, tlie hyjiostalKal 
pruu’iple, the Daltonian atom, the ether, were all dreams t lial helptsl 
men in the eternal quest for truth, anti have now passed i7il<i 
• 'hlivitm. WV rannt>l doubt that the proton, the electron, and so 
forth arc destined (o suffer a similar d'>om, but lustory toadies 
us not to waste sentiment iwer the replacement of an (iulworu t(Xil 

// then, Socrates, amid die many opinions affout the gods and the 
generation of the universe, we arc not aNe to give notions u hich are 
altogether and in n>erv respect exact and constsieni ivitk one another, 
do not he surprised. Knongh, tj wc adduce one as probable as any 
<*lher. irLATo, 
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ATOMS AN1> MOLFXULTS 

Tho classification of matter—Kleincnts— Mj.n lures ami coraponods—Define 
tjott of .<n dement- l.;iws of (juantitative chcinUfry—Dalton's atomic 
theory—tiav-Lussac's law of volume»>^Avoga<]ro*s by{lothesis—Exactitude 
of Avo^adro's hypidln^sis Atomic weights—Delrrmination of atomic 
wcigliU—Summary of atomic weight methods—Hudiometry—Molecular 
we ig I its—V apnii r-d vnsjt y tlvU rnn nat ions: 1 >u j iias* ni cth od, II of m ann's 
method. Victor Meyer's melliod—(ilsss spring tensimeters—Valency— 
K qu iV alei 1 1 s — T 1 le gru v j metric com pusi t ion of w.i I er* K i eh anls ' ato rn j c 
weight work—Actual weight of atoms—Later dcvclotimciii of the atoiniu 
theory, 


The Classification of Matter.- CUrmistry is concerned with the com¬ 
position and boliaviour of matter^ and consc(]uci)tly with its 
classification. Ttic simplest classification, into solids, liquids, and 
gases, iiiort! fully explored in the next chapter, though physical in 
kind, is of great :>igniricance for the chemist; but we shall first deal 
with a classifjcatitm which loti to the atomic theory of Dalton, and 
on which the whole structure of chemistry is based. ‘ 

Elements.—riie i<lca of a pure siihsiance was only vaguely under¬ 
stood early in the history of the science, and was not jiut into any 
very dolmite form until the nineteenth century, but early chemists 
would probably have agreed that indistinguishable samples of the 
same substance couhl lx: obtained from different sources. Before 
separation into the pure constituents takes place the conglomeration 
is called a mixture, and mixtures may be separated into their 
pans by such means as sublimation, distillation, or crystallizaticjfi. 
Mujiy of the pure substances thus isolated, which arc perfectly 
iKijuogeneous even umler the microscope and which resist any 
attempt to decompose them made by such methods, can l)e furl her 
split up by the use of chemical reactions, yielding new pure sub¬ 
stances that may perhaps lx: attacked in tlie same w’ay; but a 
will ultimately be reached at which further attempts at de¬ 
composition arc fruitless. The resulting substance, w'hich thus 
defies attempts to break it down into simpler substances, is called 
du element. The raultiphcily of substances which compose the earth 
juid its atmosphere is now known to rosiiU from th<? intercombina- 
tions of about ninety elements, of which alx)Ut eight preponderate. 

Mixtures and Compounds.—If an exhaustive study of a substance 
discloses circumstances, that, when they undergo contiriuons 

^ '\'hv topics treated in the first lew paragraplis ol tliis cliapter will be found 
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v:» rial ion, muse c<>ircs|M>ndinj» rnntiiuious variaUon in the compos- 
uuin of iho substance, then liie material fails totjualify its a clu'niical 
com pound, for which firtfv of cifrnf*o^t/ion is to he iakcn as tlic 
ino^l essential and fundamental property. A mixture of hydrogen 
chloride and water rn/ilaining 2<y2i ]Xir cent of the former boils 
under 7ht> mm. jjrcssure constantly at a 10“ C.. and the condensate 
IS found t<»havf-lhes;imecompo5ilionasthc<irigmallu]uid. Further, 
the liquid is an active add, a property not possessed by cillier 
ol its conMiluents when scpurale. Such behaviour would suggest & 
compound, but when a further study showed that a continuous 
variation of the pressure c>roasione<l not only a variation of boiling 
point, but alsii a continuous vanalion of the composition, i; became 
clear that the liquid must l>c relegate<l to the category of mixtures 
{.w p. 170). I'roin aqueous solutions containing the faults potas¬ 
sium sulphate and ammonium sulphate in varying pru]>ortions, 
jKTlecllv homogeneous crystals may l)c obtained, but witii com- 
pf>siiions varying in concsjioiKlencc with that of the solution. On 
the other hand» wlicu for ammonium sulphate aluminium sulphate 
is substituted, the s;dt potash-alum, containing a constant ]>ro- 
portion of the two sult>hates, is obtained from solutioirs of widelv 
varying composition. On thcMi giounds we say that the first 
example is a ty|hc;d mixture, while the second is UMially regarded 
us a c<jni|X>und (a double salt, p. The progress of chemistry 

has shown that wc can no longer hopi' to distinguish mixtures from 
coinfX)unds by reference to * physical' as distinct from * chemical' 
methods of attack. Heat will melt ice, and boil the water produced, 
and hot) I these effects would common I y Iw termed * physical ^ 
changes. However, when the temperature is rais^nl to the ncigh- 
bourluHid of 1000* C. the water undergoes the admittc'dly ‘ chemical * 
change of dissociation into hydrogen and oxygen. *Jb many 
chemists our present knowledge of the constituium of water sug¬ 
gests that Its volatilization is (luito as much a ' chemical ’ as a 
' physical' change (see p. 103). Thus here the assignment of the 
same agency to physical or chemical roles is arbitrary. While it is 
(U'obably true that the heat (or energy) changes involved ui the 
more violent chemical actions are greater than those associated with 
so-called physical changes, and therefore that a large liberation of 
heat i mb cates fane a chemical rluinge, a modern catalogue of 
heat changes would hardly allow a general di.stinction to be drawn 
that wouhl be serviceable to distinguish the production of a mixture 
from that of a compound. Even the rigorous criterion of fixity cif 
composition has suffered some relaxation since the discovery of 
isot<»pic elements. Omtrary to Dalton’s l)clicf, we now have jiroof 
that the atoms of an element have not a constant single weight, but 
rather a range of weights. Thus, for example, there are two cheim- 
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LilliV iiKlistinpiiifihnbie atoms of lead, iho one ol atomic vci^lit 2nh, 
and the otlicr 20^: and therefore the c<nn|X)sitJon of lead in<»n(iNuje 
may vary l>ctwcen the proportions 2ob/i0 and zoSyio of lead lo 
respectively. 

Definition of an Element. An element may l>e ckscrihed ns a 
Instance which eaumn by (lie ordinarv* mcthcHls of chermstry be 
deccmi])osed into siinjilcr substances. Since the bi'pinning ol the 
renlury tins ulua of an element has undergone modification. The 
loniirr (lUvihliciition, ‘that has not yet Ikh-h decoin]>ose(l/ can now 
he (InipiK'd. It is quite true that many substances for Umg supposed 
10 be elements w<*rc liy the ativanco of rheimcal technique proved 
i>e roinpounds. and when this was stilt possible such a i|ualiti« 
L.iiuni was very neeess;irv. Since iqX4. ho\v<*vci, a mleruni has 
b^'en available {the X ray s|H'Clrnni, hfc p. 300) which alli>w'S ns lo 
deeidi* heyoiKl reasonable iwissibihly of doubt whether a substance 
|h an clement or not. and ne need consc<|uently no longer adopt sr> 
Idruleut an attitude. 

With modern lesonrrcs tin* following succession of break-down 
pioci^sses is ty]>ical of what may lx* achieved with n subsianee such 
as waliT’ 

11) Volatilization Koom it*nipcraiure 

(j) Dissticiarion to molecules of hy- 

<irogcn and oxygim Above hioo*' C, 

( •’) Dissocialion of inoliKules into atoms Above joixj ' C. 

(\\ I'lssion of atoms into snnjdcT 

particles Stellar temixeraturrs. 

Were tbes** cli.uigcs to be accomplished by purely tliormul agency 
ihe lenipetaliucs requircil to secure a lair rule of change would he 
those indjcaterl in the second column. In all the examples we might 
give of such a sticcessiuii of docoiniM)sili<ms there would bo found an 
enormous gap bctw'een the intensiiie.s of attack reipnred for stages 
( j) and (1). The sun s energy* is almost cei tuioly deiivcd from the 
(indirect) condensation of umr hydrogen atoms into one of helium, 
and we may gather from this the stjrt of intensity required to effect 
the reverse change. It is therefore natural and convenient at the 
present to sc])arale 'ordinary' chon list ry (corrcsjxmding to such 
ehdugi's as (i) to (3)) from wliai might well l>e termed ‘ stellar ' 
chenustry, which is concerned with the break-up of elementary 
atoms and the re-conibmalion of the parts. While the tenri atom 
is no longer liteially justified, it is still true that most atoms are 
immensely more stable tlian the chemical compounds they hum. 

Laws of Quantitative Chemistry. —In the <liscussioEi of the 
dificrences between a mixture and a compound the Law of Comtant 
I *niportions has already been implicated. The discovery by Puoust 
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in 1797 of this law — ior some years a matter of controversy—was 
only made possible by the cnuncuition by Lavoisiku of the Laic' 0/ 
Cortficrvation of Mass, which had served as a working generalization 
lor chemists for many years previously, but first received Uefuiite 
con I irm at ion from the experiments of the French chemist. 

Tlie most rchned verifications were carrki<l out bv Landot.t 
(1893-1908) and by Manley (1912). I^ndolt placed the reagents 
in the limbs of a glass H-tul>o, an<l mixed them by inverting the 
apparatus. After various srmrccs of error had bt'cn eliminated, no 
difference in weight to 1 part in 10,000,000 could Iw lielected bi'fore 
and after the reaction took jilacc. Fur the reaction Ix'twecn S(Kliuin 
sulphate jikI barium chlorkle in aqueous solution Manley verified 
the law to i jvirt in 100,000,000. MiMicm theory requires tl;at 
reactions in which heat is given out should involve a slight occrcase 
ill mass, but the diffeience is far too small to be deleded dircdly liy 
any metbfKls at the present available. Without the I,aw of Con¬ 
servation of Mass gravimeliic analysis is imi>ossihle, since the 
latter always depemis on no matter being ganic<l or hist. When 
once the Law of Constant Fniportions was firm I v cstablisherl, 
analytical tcchnkiuo made great advances, and (he Lwcf ot MuUipIr 
Proportions and that of Reciprocal I^oporlions quickly followed. 'Ha* 
former states that when lwi> elements combine in more than one 
proportion (by weight), then these pr<i|)ortions bear a simple ratio 
to one another; the latter that the proporti<ms in which two elements 
separately combine with a third element are either in the ratio in 
which those two elements themselves combine or else in a simply 
related ratio. It was the consideration of these Jaws that in i8uS 
afforded John Dalton support for the atomic theory which he ars 
Ins name and which made jHissible the development of modern 
chemistry, A logical altitude to the laws of constant, multiple, 
and reciprocal projxirlions demands a delinition ol chemical com¬ 
bination, and of a chemical com}>ound. inde|x>nc]ent of the laws. 
Wc have seen, however, that substances failing to exhibit constancy 
of composition arc excluded from consideration as comi>ounds. The 
law of constant projx)rtions is thus in practice ie<luced to a Inn^tii. 

DaltonAtomic Theory. —The theory that matter consisted of 
discrete particles, based though it was rather on |>hilov>pIiical 
sjR’cIllation than on experiment, had been a commonplace since 
the da vs of ancient Greece. Dalton himself .seems to have been 
influenced chiefly by the views of Newhon. TIk* great coulriljution 
of Dalton— the essential buttress of his thooiy \v;is the applicolion 
of gravimetric relalionshij^s to the problem ot chemical combi na¬ 
tion. If the elements consisted of wqxirate p;irticles or atoms, llicn 
the compounds formed from them must consist of ‘ compound 
atoms ' each of which contained atoms of the elerncuts from which 
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it was derived. Since the weights of the elements present in these 
compound atoms were in a constant proportion, might not this 
pro}>ortioii, in the simplest kind of compound atom (i e. that of a 
binary compound), be simply the pro|H>rtiuii of the weights of the 
atoms? If this were so, it was merely necessary to siipjHJsc ihai 
all the atoms of the same element wei** e<[ual in weight for the Law 
of Constant Pro|x>rtiuns lo reteivc a natunil explanation. 

DidUm's theory may be suminarizixl as follows: 

(i) Elen\cnt^ consist of luihslructihle atoms, all the atoms of the 
same element bang exaeily cgual in va'glU unJ alike in all other 
tesfects. 

(i)) CompounJ atoms arc formed by the union of elementary atoms 
\n simple }H0nefual proportions; consc^fneully the gravimetric 
(omposition of a compound is detemuned by (he number of 
elementary atoms in the compound atom and by the atomic 
ic'cighls of (he elements. 

Tlie theory thus gave a satisfactory explanation of the Laws of 
(a)nstanl, Multiple, and Ueciprocal IVoiKjrtious; but at the end <if 
tho year 1808 (fAY-Lussac published his Laic oj Volumes, an<l 
DalloiCs theory found itself in dillicultics. 

Gay-Lussac's Law of Volumes. —Cay^Lussac's law, which was 
ftnindcd on his own researches, stated that the volumes in which 
gases rotnbinc bore a sim|)le numerical relation lo one another and 
to the volume of the product, if it were a gas. all volumes being 
measured at the same 1em|x*raturc and pressure. (ray-Lussac 
was couU nt to state his experimental lesults without attempting 
their interpretation in the light of the new views of JDalton, but 
tile connection l>etween them could not fad to strike forcibly home 
to the chemists of the time. Gay-Lussac hatl shown that when 
gases combined their volumes were simply related, and Dalton 
considered that the numl)ers of combining atoms were simply 
relate<l; it followed that there must be a simple relation between the 
mimbors of atoms in equal volume.s of the two gases. Let us suf> 
pose this simple relation to lx: an equality, equal volumes of all 
gas<‘s under similar conditions of temperature and pressure con¬ 
taining the same numbers of atoms, and let us apjily tins hy|K)lhesis 
to the combination of hydrogen and chlonnc to form liydrogen 
chkjridc. Then since by experiment 

I volume hydrogen+1 volume chlorine—2 volumes hydrogen 
chloride, 

il follow.s from our hypothesis that 

I atom hydrogen 4 I atom chlorine—2 compound atoms hydrogen 
chloride. 

•c 
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One c<jmpound atom ol liydrogcn chloride therelorc contains only 
half tin atom each of liydroi^en and chlorine, which is contrary to 
Dalton's doctrine of the indivjcnbihly of atoms. Similar contradic¬ 
tions are encountered in all gaseous reactions tn which the volume 
ol tlic f»aseous jinxluct is gre^itcr than the volume of anv <»ne of 
the reactants. 

The difficulty was a scnou> one, and Dalton pr<)hal)ly had it in 
Ins mind wln'ii he denied the truth of (iay-Lussac/s law ‘ The 
truth IS, 1 l>«*Jieve,' he wrote. ‘ that do not unite in equal or 
exact measuris in anv one m>tuncc; when they apjx'ar U d(j so, it 
is owir*!* to the inneruiacv ol our exjx.*nnients ' p. 51, There 
the matter rested till iSii. vvhen Avogauko showed how the 
opposing views eoiihl lie reconciled. 

Avoftadro's Hypothesis. -(An account ol the dc viHopnient of 
the atomic and inolcouhir theories will be fouii<l in the Historic-il 
Inlrodurtion.) Avogadio suggeste<I that it wa** necessary to dis- 
iinguish between the jKirlicles ol gasc^* an<l the atom'', or units, 
winch lo<jk juirt in chemical change. In the elomcnlary gases Die 
atoms iniglit Ih* combim*<l into larger units winch he called mo/ei ules, 
each molecule containing sinne fixiil miniUT <jf attmis. frequently 
two. I'lijua/ i»o/fwrcs 0/ aU guw under the same ionduums 1// {cm- 
peratute and f*ressure confaine{f etjuai numOers ol fna/rru/cs 
(Avogadro's hyjMithesis). This idea circumvented the dithcuUy 
found in explaining the volume relations of hydrogen, cUloniie, 
and hydrogen chloride, fur if the molecules of hydrogen and i hloniie 
each contained two atoms, and if one molecule of each gas combined 
to form two molecules of hydrogen chloride, then each molecule 
of the latter must contain one atom of each element: a satisfactory 
conclusion. Moreover some sup|K)rt was found lor Avogadn>'s 
hypothesis from the CiXjIficients of Ihermal expansion of gases, 
wljicli under the same conditions ol temperature and })rcssure art- 
all equal; this shows that if the hypothesis be true at any tern- 
jjcrature it must be true at all teni|KTatures Nevertheless this 
simple and ingenious supfMisition, which explained so much and 
against which no valid objection could be raiseil, had to w'ait ludf 
a century for rccc^nilion, Dalton's theory fouiwl an immediate 
if qualified acceptance, but Avogadros hypothesis, which alone 
could bring it to its full usefulness, w'as generally neglected, and 
was stronglv opposed by Dalton hmtscll. The conset|uenccs of this 
neglect were most unfortunate for chcimsln’. From Dalton’s 
thcf'ry alone it was im|>osstblo to deduce with any certainty a 
system of atomic weights. Dalton worked on the principle that 
vs lien only one com|x)und of two elements was known, it must be 
assumed to ht binary; so he WTotc the formula tor water HO 
(hydrogen fieroxide l)eing as yet undiscovered), and this caused 
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error throughout the series. Confusion in the atomic weight table 
persisted right down to the time of Cannizzaro, to whom the 
credit is due for tin ally securing general adherence to Avogadro’.s 
hypothesis m i860. Since that day many eminent chemists have 
insisted that the hypothesis was a hypothesis still, but it has been 
universally adopted for the calculation of atomic W'cights, and in 
conjunction with Dalton's theory is the corner-stone of modern 
chemical theory. Since the development of tfie kinetic theory ot 
gases and the theory of atomic number, indcpciulciu methods of 
checking the hypothesis have U'cn made available to science, and 
there IS now no reasonable doubt that it gives a true picture of the 
In particular, it has been found possible to calculate by 
several different methods the numlicr ol molecules in a grani- 
rnolccule ot a gas at standard lemperature and ])ressuie 
(* Avogadro's Numl‘>cr'), and these calculations all ugree withm 
the degree of accuracy of I he measurements. 

Exactitude c! Avogadro's H7Potbesis.^Avoga<lro'$ hypothesis is 
not, however, one ot the few generalizations (such as tlie ].aw of 
(^inscrvation of Mas.s) which arc oheywl with an accuracy greater 
than that ot the ox|K*rimcntal mcthi«Js available for testing tlieni. 
It IS clearly dependent on the gas laws, and these?, in their bimplest 
form, are known to be only approximately tnie. In accurate 
deduct ions from Avogadro's hyjioilie.sis llusc small variations 
must Ih* taken into account, and for this reason the vupour-density 
iDcthod IS seldom used for tlie <letermination ol molecular weights 
with great precision. It is, however, an almost indisjx^nsaijle 
pieiinunary to the determination uf atomic weights by purely 
gravimetric methods, and the connection between the two processes 
must be briefly described. 


Atomic WeicnTs 

The definition ol atomic weight must first be discussed. The 
alomio w'eight of an element was originally defined ;is the ratio 
of the weight of an atom of that element to the weight ol an atom 
of hydrogen. The atomic weight, defined in this way, is in fact 
not a weight at all, but a number. It was later pointed out that 
while only about half the elements formed compounds with liydro- 
nearly all lormed compounds with oxygen, and thai many of 
these Compounds were very suitable lot analysis. The atomic 
weight of oxygen on the hydrogen standard (H —i) is 15*875; it 
was therefore agreed that O»i0 should be the standard: this 
makes hydrogen 1*008. A further advantage of the change is 
that with oxygen as standard other atomic weights approach more 
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nearly to whole numbers than with a hydrogen standard. This 
curious numerical relutioaship will be discussed in Chapter X. 
The choice of oxygen as a standard is complicated by the recent 
discovery that oxygen has isotopes (p. 321). If the pure isotope 
Qi* is taken as standard, the almost constant minute amounts of 
O^’ and 0^® present in ' cbemicai' oxygen give the latter an 
apparent weight of 16*004: thus the dilTerence between ' physical * 
and ' chemical' atomic weights is quite negligible for most purposes. 


Determ I KATioN of Atomic WEfcins 

I. We will suppose that the atomic weight of such an dement 
as carbon is to be measured. A volatile comp<.mml contiuning 
carbon and only one other element must be selected and its vapour 
density determined, that is, the density compared with hydrogcnati 
(at the same pressure and temperature). Methane will do very 
well; it is found to be eight times as dense as hydrogen. Since by 
Avogadro’s hypothesis equal volumes of hydrogen and methane 
contain the same number of molecules, and since the hydtogen 
molecule is supposed to contain two atoms, the molecular weight 
of methane referred to 11 =1 must be 16. The atomic weight of 
carbon cannot, however, be calculated from this result without 
a knowledge of the number of atoms of carbon and hydr<igen in 
the methane molecule. Gravimetric analysis shows that the ratio 
of carbon to hydrogen by weight in methane is as 3 to i, or 12 to 4, 
so the simplest view would be that the atomic weight of carbon 
was 12 and the molecule of methane CH^. We are, however, by 
no means justified in adopting this result without further inquiry, 
since the formula might equally well be C^H4, which would lead to 
an atomic weight of 6 for carbon; the atomic weight may indeed 
be 12 or any simple fraction of 12, but not more than 12. To 
decide between the possible formulae we must analyse and find 
the density of other volatile carbon compounds, tabulating the 
results as follows: 



Mol, 

Cfivlxm 


Moi. wt. 

Carbon 

Methane 

. 16 

12 

Carbon monoxide 

. 2S 

12 

Ethylene . 

. 2d 

24 

Carbon dioxide 

• 44 

12 

Bcntcnc 

♦ 78 

72 

Caibun disulphidt; 

70 

12 

Acetylene . 


24 

Cyanogen . 

• 52 

24 


In no compound is it necessary to assume an atomic weight of less 
than 12 for carbon: we therefore provisionally accept this value. 

2. Dueonc and Petit's Specific Heat Law, though it attracted 
no great attention for some time after its publication was 
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extensively used in the second half of the past century for the 
calculation, or rather the cojrection. of atomic weights. The law 
states that for the solid elements the jirwhict of the specihe heat 
and the atomic weight is a constant (usually alwut O’). Tlic 
following table gives mi indication of the degree of cxactitmlc of 
the law; 


hletneHt 

Atoiiir 

Wnfihi 

Aiotnic Heat 
( 20 '’-! oo*) 

liUmsnt 

Atomic 

Afotuic Heat 
100®) 

A 1 

27 

5*9 

11 c 

Q 

3 ’^>- 4'3 

V 

3 * 

0*2 

Ji 

10*S 

2 ' 5 - 3 -« 

S 

Cu 


y 7 

C (graphite) 

J2 

a*o- 2 'H 


U'O 

(<l»am<jn<J) 

J t 

14 2'i 
47 - 5*4 

Ak 

I'h 

}€»S 

JO7 

6'I 

6-4 

S) 



Early opposition to the law was chiefly due to a conflict between 
.itomic weights calculated from the law and those accepted at the 
time: later criticism has concentrated on the variation in (he 



I’U; 2 Vauiation of Atomic Heat with 'iF-Mi'ERATURc 

specific heats of the elements with temperature. Modem work at 
low temjieratures has shown that the specific heats of all elements 
tend to zero as a limit as the temperature is reduced to the absolute 
zero, but that at high temperatures (different for each element) the 
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specitic heat increases to a constant value in good agreement with 
tile requirements of Dulong and Petit’s law. The diagram (Fig. 2) 
shows the variation m the atomic heat (the specific heat at constant 
vfilunioxthe atomic weight) of lead, cop|xrr, and diamond between 
absolute zero and 400^' Abs. The useful generalization of Dulong 
and Petit is no longer a scientific ciuu^sity: it has received a 
satisfactory explanation on the basis of the quantum theory. 

In order to determine the approximate atonuc weight of a solid 
element it is therefore only necessary to measure the sjx'cific heat 
in a tetnj>oraturc range over winch it is constant and to divide 
this figure into 6'4. This gives »inly an approximate value. Rather 
greater accuracy can be obtained by calculating tlie specific heat at 
constant volninc by therimKlynamical methods, and taking the 
atomic heat constant us O-o. The exact figure must always be 
obtained by gravimetric analysis; in short, Dulong and Peiit’s law 
helps us to interpret tlie results of the analysis. 

3. It is usually possible to come to conclusions about tlie atomicity 

of a gas (the mnnber of atoms in the molecule) from measurements 
of the molecular heat at constant volume. For monatomic gases 
such as argon or mercury vapour this amounts to nearly 3 calories 
jKjr gruni-molmilc, for diatomic gases the experimental values 
vary about 4 7 and 6 culoric-s. while for g.iscs of higher 

atomicity the figures, though higher, arc rather less constaai. A 
physical intorpretation of this relation can be given on the ba')js 
of the kinetic theory of gases (p. loo). 

An approximate at<»mic weight for such an clcineiU as mlrogcn 
can therefore be ailculatcd from iiieasuremenls of the density and 
specific heal at constant volume of nitrogen gas, and this ccur he 
combined with the results of analysis of the nitrogenous compounds 
ammonia or nitric oxide. 

4, riie nicthorl of chemical sul>stitutioii is of interest because its 
results depend only on chemical meth<«ls and are independent uf 
Avogadro s hypothesis, it may, how^cver, easily lead to erroneous 
results, aiuf in actual fact it apj>ears never to have been used 
until tlie aUmiic wciglit had already been established by otiicr 
methods. 

Carbon is again (he licst example. Gravimetric analysis of 
methane shows it to consist of 3 jxirts of carbtui to i of livdrogen. 
If now methane is cxp4)sed to the action of chlorine fovir sul>stances 
can be isolated (methyl chloride, dichloromcthane, chlorofonn, and 
carbon tetrachloride), in which orc-qnarter, one-half, ihTccH.juarters, 
and the whole of the hydrogen originally present in the inclhane 
has been replaced by chlorine. These proportions can be estab¬ 
lished by giuvimctric analysis. Since the hydrogen can be replaced 
in four steps, four atoms of hydrogen must be present in the mole- 
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Cl lie: the carhon, however, Ciinnot be fractionnlly (hs]>laced, anti 
IS ilicrcfore ])rcsent i\s a single atoni. The formula for methane Urns 
heing found to bo CH^. the atomic weight of carbon must be 12. 

5. The attnnic weight can l>r estimated within a few units by 
assigning to the elcmi*nt on the basis of its pr<j|)ertieR and the 
]>n)ponies of its oonipoumls its projwr place in the I’eriixlic Table 
it'liaptcr X). Tlie atomic weight of the rare element indium was 
fkiniul in this way in combination with the results of analysis. 
This method is entirely iiulcpeinlent of Avogadro’s hypothesis, 
arul now'ad ays (umisiws c»ne of the strongest i>icccs of evidenct' of 
tile trutli of that liyj>oUiesi>, 1ml was naturally not available liefore 
The discovery of tlic Periodic Arrangement s<»nie eighty years ago. 
But long before this (in 1819) MrrscHKWLiCH discovered tliat 
coiiipouiids of similar but not hleiiticnl comjiosition crystalli2ed 
in similar forms, and this phciUimeiion, which he named iaoworplus^n. 
pKiye<l some part in the original calculation of the atomic w'eiglits. 
rinis the chloride of the rate element ruhicliuin is isomorphuiis with 
potassium chloriile, and the molecule may tlierelore l>e expected 
to be of tlio same ty]>c: so that if |H)tas.sium chloride is known to 
be KCl, then rtibidinin chloride is KI)C 1 , an<l the atomic weight of 
rubuliuni can be calculated fnun the results of analysis. 

0. The at<miic weight can l>e diiectiv calculatetl from the results 
nhtained with the mass«sfHvinigraph (Chapter X). Uecent im- 
provnneiits m this inslmnn'iit have greatly increased its accuracy, 
a ml it now rivals tlie analytu-d method for the determination of 
atomic weights. The rc*sulls an* indcjx^ndent of Avogadn/s 
hypothesis, and give the true atomic weights, i.e. tlic atomic 
weights of the isotopes. Jf moie than one isoto()c is pi'esciil. their 
the relative proportions must be «*stimatcd before the ' chemical ' 
aloriiic w'eight can liccali'iilaled; this is difficult, but accurate results 
have been achieved. 

Summary 0! Atomic Weight Methods. —Wc mav summarize ilu* 
available methods for the delermuiation of ati>iiiic weights as 
follow^s: 

Law. Theory, or f{ypothgstsS 
hltihcil hxpetinfcniai Paia re,/ hi red employed (t« nddtiton to /Uomu 

Theory) 

1 Va)>fmr densjlv ami ^ravi- ( 

metric analysis <jI sever ,i I i Avo<;mho's hypothesis, 
compounds f 

2 Sp(Hj<ic heat ol the element I 

Ciravimetnc analysis oi a tom- ! DuUmg and I*ctit's l«»w, 
pound, ) 

3. Vapour density and S|>i*cilic | 

heat at constant of | Kinetic theory of rhscs. 

gasvou s element. grav u n etn c i A vogodro s U ypothcsis . 

analy s i s of a com p* 'u lU 1 I 
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Aaff'. Theory, or J/ypoOtesis 
employed (in addUior. to AionvC 
TUe.ny) 

Doubttul Iraju < J rtasonmg. 

\\ rifxhc litw. 

1.1 w of iboiiiorpilisnt. 

i'UtulaiDental law< uf mution 
aad cJectiKity. 

Eudiometry.—(iravimclric analysis of cases is frciiucnth a 
matter of difficulty, but tbis process may In* n*pliUod i)y a 
vol lime t r i c st u cl y of su i table gas-rcacl ions com b i nccl w 1111 \ v oga c 11 ( j ’ s 
hypothesis, Thus when equal volumes of hydrogen and chlorine 
combine there is scarcely any change in the volutiai of the svstem, 
and jf hydrogen and chlorine can In* shown to Ix^ diiiloinlr—as 
they arc -il follows immediately that tho inolecuU* of hydrogen 
chloride is 1 ICI. The atomic weight of chlorine can then Ik* accurately 
deterndued by Rravimetne analysis of hvdnigon cljh)riflc, '1*1)0 
commonest example of this pr<K:ess is (unusbed by I'lidiomclry, 
whicb can lx* usi*d fur any gas that forms an explosive mixture 
with oxygim. A eudiometer is simply a graduated barometer 
tube fitted at the top with a spark-gap between two platinum 
wires sealed through the glass. The gases to be studied arc admitted 
separately wliile the tube is filled with mercury, and thiur volumes 
arc measured an<l duly corrcctofl lor pressure and tempcratuie. 
Reaction is then brought about by passing a spark, and when the 
resulting gas mixture has cooled its volume alsii is measured. The 
method IS frequently applied to gaseous hydrocarlM>ns. and it 
is then important to know what proportion of the products 
of combustion is carbon dioxkle. This can be ascertained by 
jlasting a little concentrated jrotash solution up the lulx', thus 
absorbing the carbon dioxide wliile leaving the other gases un¬ 
changed. Unless the eudiometer is surrounde<l by a vapour-jarket, 
the water produced by tlie combasliori of substaiues containing 
hydrogen will be condensed to a liquid, whose vapour-pre.ssurc 
must, however, he. allowed I for, even if its volume is negligible in 
comparison witli that of the gases. 

The ]:>rinciple of the instrument mav lx* made clear by the 
following example, an exj>eruncnt to dutennine the formula of the 
gaseous hydrocarbon methane. All volumes have been reduced 
to N.T I*. 

157 c.c. of methane and 40*2 ex. of oxygen were introduced 


Afellutd JiipinmeHta/ Data retfinn'd 


4 l»i.iv'iin*'inc anal ol coni- ) 

]«uiiml anU ol subslilulKrti- * 

piotiucis. I 

5 ol proptThf^ of elemcni j 

aii4 Us 1 (»cn|ioiinfls I 

!>} s< < ivv r V of 1 su in oqil lous com • : 
]H>nnUs. J 


6 sjKrctnim. 
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into the eudiometer and a spark was passed, the methane being 
oxidized to carbon dioxide and watci according to the e<iuation 

C,H,+ (x^ ^■)0,=:.xCO,-| {h,0. 

4 ^ 

'('he volume of the carbon dioxide produced and of the unused 
oxygon amounted in all to 24-5 c.c., the water being present as a 
lujuul and the whole of the methane having Ixrcn consumed. The 
carbon dioxide was al>sorbed l>v jxjtash and tlie residual oxygon 
was found to occupy a volume <it S S c.c., that of the carbon dioxide 
having been thcrclore 24*5—c.c., that is, equal to the 
original volume of the methane. It hdUiws that x^i, and since 
the volume of oxygen consumed, 40*2 8*8rs31 *4 c.c., was twice 

y 

the original volume of methane, -t !' ^-2, or y—4. The fonnuia 

4 

<if methane is therefore Cilj. 

MoinCULAR WuiCHTS 

The methods for the dclcrminalion of the molecnlar •weight of a 
substance may be divided into two class^'s. 

(i) Mcusurrmcnls oj Ifw vapour dciisUy, 

(ii) Measnrcmfnts of the molecular tcriphl in solution, based f>n the 
pioperties such as vni>our pres.siiio. freezing- and boiling- 
points which ar<« related io the osmotic pressure of the 
S(•lotion. These are discassed in Chapter IV. 

Not all cc»mpounds cjiii be vajuirizcd at a temperature low enough 
to make determinations by the first method possible!, but it should 
be clearly understood that the two methods do not always nieasun* 
the snnic thing, a.s the molcculai weight in solution may not be the 
same and for a large class <if .stiInstances is not the same—as the 
jnolecnlar weight in the vapour phase (see Chapter iV). It is 
also dangerous to assume that the molecular weight in the vapour 
phase coirespwnds with the simplest possible fonnuia, since both 
assfjcialion into double or more ct mi plica ted molecules and dis¬ 
sociation into other conipimncL or into alcnns arc possibilities to 
be reckoned with. As to the molecular wright iu the solid state, 
it has not been possible lo investigate it at all TUitil recent years, 
and our knowledge of the subject is still far from general. The 
molecular weight of pure liquids is also a subject on which liule 
precise information is available. Tlicse subjects arc discussed in 
the next chapter. 

Vapour'Density Determinations. —Apart from researches of high 
precision, in which special methods arc always used, there arc three 
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methods comnujiilv employed m Ihe laboratory to measure the 
<!e]isitv of a vajjour. The object of all llioso methods is to measure 
the volume of a km»svjj mass of vapour at a known tcm]X‘i:ilurc 
and prc’ssiirc. 

I. Dunias* McihoiL — A small quunftfy of tlie liquid is introducetl 
into a weighed glass bulb, drawn out at one end nho a l*>iig tliin- 

wallod * apillarv IuIh* (l ‘ig. .j). TIkj 

a ;_^ bulb is tlion pJac<’d in a Ihennostal 

IrnqK'i.dure hi;;li ‘aioiigh to 
make the liciuid boil vigtji* >nslv. At 
high I(‘inperatnres a constanl- 
ti‘in|H:ralurc air b*ith can be subsli- 
liiled for 11 ic tlicrmosial. As .sOon 
Thfrnio as all the liquid in I he »)ulb has 
^t-»t vaporizi^d. that is, as S(i<Hi as vapoiii 
coas<*s to stream from ila* bull), the 
' rapillaty ImIk* is ofl. ami llu' 

liull) is c(Mi|<><l aiul W'ciglicd, 'I’lv' 
■ “• ' voUiiiie iMxmpicd b\' tlic vajMiiir is 

found by opening tiu' tip of 
I'/ij Vacoxir Djsxtjv itv i\\ij capillary tube iiudcr waItT iree 
Dumas’ MkTiioo from <lis.solv<d air and wri!;liijig I he 

bulb with the water svhicli lusties 
into it, l)x)l if this whaler docs imi fill the bulb, no| all ihe air \Nas 
cxp<!lled from it diinnu f'bnlhtion, and the e\j>crirnent must in* 
repeated. 'I'hc ralciilalion rjffcrs no difiicnliy, and w ill l>e made cU-ht 
l>y an evanqilo. 

An expxTimcnt W’as carrwd out with bcuzenc. al ion", aiu! it 

was found that at this temperature, «ind at a barometric pressure 

of 754 mm., 115*7 r.c. of benzene vapour weighed 0*293 'dl 

woigiits having l)een ro<luce»l to vacuum. The density xd ben/ene 

M l It r o*2<i3'<iooa '760 V (273 Moo) 

vapoui at N.I.P is therefore —- —' • - .. / 

115-7x754x273 

3 507 gm. pel litre. Hut the deiLsity of hydrogen at N.T.I^, ls 
0'08qq gm. per litre, so the vapour density of benzene (H -i) is 

=39. Since the molecular weight of hydrogen is 2, the 

O^OoQQ 

molecular weight of benzene is 2 x 39— 78. 


Vn. 


1. VACmm l)i vstjv iiv 
Dumas’ MkTiioo 


vapoui 


N.I.P 


2. Hofmann's Method .—In this method a known weight of a 
volatile liquid, enclosed in a small bulb which it must fill completely, 
IS introduced into the vacuum above the mercuiy' in a barometer. 
The barometer tube is usually enclosed in a steam-jacket (I'Jg. ^), 
and the bulb is allowed to float up to the surface of the mercury, 
where the internal pressure is .suflident to expel the stopper. The 
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baronieter tube is graduated from the top, and when the mercury 
is steady the volume, tempei*ature, and pressure of the vapour 
can he read. 

3. Vici 09 Meyer's MetfioU.^Xw tins methotl wc measure the 
volume of air di^^ptaced by a known weight of a volatile liquid in 
vaporir.iug. Various devices can Ih‘ use<i to measure th*' votumc at 
atmospheric pressure, perhaps the best being that shown in the 



I 10 4 VAP'nm I 

nrNSIT\ JlY llor Kn-J ^ VAT^tlK I>KNSITY WY VlCTOK MF.YHIJ 

M Ann’s Min non MKTHot> 

< ha gram (Ing. 5). The wcightrtl bulb is placed <m th(‘ movable 
support 111 tlu' top of the nppaialus, the bung is ui?Anied, and llie 
nuTCurv levelled in tlie two tiiiics while the liquid in the va|Hnir- 
lacket is boiled briskly. When tJic mercury Iv'vels arc steady Hit 
bulb IS allowed to fall to the bottom of the (ulx*, where the contents 
au' vapori/AHl, the l>«isc of the (ul>c being pro!ectod bv an asbeslijs 
pad. The mcrcurv is again levelled, and the volunit* of air dis¬ 
placed is read ai riKiUi lemiKjrature and jmjssnre. llie volume 
•ictually measure! 1 is the voluiue the vaptmr would have at the 
IsimpcrutuTe (d the room, 51111*0 wc are cut it led in assume that it 
has tlie same coeiticient of ex])an5ion us the air tliat if displaces, and 
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the increase in volume of the gas in the apparatus takes place ui the 
col(l<*T y)art of it. 


Kxainjile: 

o*T743 gm. of carlwn tclrachlorklc was vaporized (in a steam- 
jacket), and the volume of air displaced was 26*7 c.c. The tempera¬ 
ture of the tubes containing mercury was 12®, and atmospheric 
pressure was 7^8 mm. 'Flie voliniic of the carbon tetrachloride 

vapour at N.T.P. was therefore ^ c.c., and thesvemht 

* (273^ 12) X 700 ^ 

of a litre of the vapour at N.T.P, is 

0*1743 X jooox ( 273 + 12 ) X 760 
— ' • . — • -Z— c — gm.*t6-<)33 cm. 

Hill n litre of hydrogen at S.T.V, weighs 
<H>Sy9 gm.. so the vajH>ur density of carbon 

^ _p, tetrachloride (H=i) The 

pump molec liar weight of carbon letra chloride is 
therefore 2 X 77** 154. 

In Victor Meyer’s apparatus the vapour 
I of the substance under examination is 

I diluted with air. l‘hc molecular weight of 

I I certain sul>stances (p. 414] will he affected 

E I by this dilution, and for such .substances 

I he incth<x]sof Dumas and Hofmann are to 
Manometer lx; preferred. Ajiart from this yxissibility 

of association or dissociation of the v<xpour, 

3-the methotl of Victor Meyer, though rajnd 

YY and convenient, does not give results of a 

^ ^ high order of accuracy. 

I Glass Spring Tensimeters. —For n^odem 

precise determinations a glass spring (ensi- 
A meter is commonly used (Fig. h). A weighed 

I_® quantity of the substance is introduced into 

^ the bulb A, the air is exhausted, imd the 

I tube B sealed up. A is connected to a glass 

\ / membrane C attached to a pointer I), which 

Fu, u cJi ASb SpRiNo sometimes carries a small mim^r, .so that 
'iLNsiMivftK very slight movements can be detected by 

the leflecliuii uiethod used in minor galva¬ 
nometers. Tlie outside of the glass membrane is enclosed m a 
chamlxT connected to a pump and manometer. 

The bulb A, whose volume must he measured in a separate 
ex])crinicnt, is raised to a constant and accurately known tcmy>era- 


Manometor 


C — 


Fu, 


U iU ASb SPRlNO 
'1 LNSlMlvftK 
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ture. Any difference of pressure between tlie inside and outside of 
tl)e glass spring causes the glass to bend and the pointer to move. 
The pump is therefore worked until the pointer is brought back to 
the position corresponding with zero pressure difference, and the 
external pressure (which must now be equal to the internal pressure) 
read off on the manometer. The mass, volume, temperature, and 
pressure of the vapour are then all known. 

The membrane is sometimes replaced by a spiral tube oi elliptical 
section, which tends to uncoil when the internal pressure is in¬ 
creased. With a quartz apparatus the measurements can 1 >€ 
carried above the melting-point of glass. 

Valency.—Since different atoms combine witli different numbers 
of hydrogen atoms, a term is needed to express this number. It Ls 
called the valency, and may be defined as the number of hydrogen 
atoms which combine with an atom of the element. This definition 
embodies a true conception of valency as representing the extent to 
which roml)ining power may be subdivided, but is incomplete, and 
in particular fails to cover such examples as SH^ and SI% in which 
the univalent element fluorine evokes in sulphur a higher valency 
limn hydrogen docs. A discussion of valency will be found in 
Chapter XI. 


Ei^uivalents 

The equivalent of an element is the number of units of weight of 
it which will combine with or replace one of the same units of weight 
of hydrogen. This definition is based on the hydrogen standard 
of atomic weights; on the oxygen standard the equivalent is the 
number of units of weight which will combine with or replace 
8 units of weight of oxygen. From this definition it is easy 
to see that the equivalent is equal to the alomic weight divided 
by a small integer, which will frequently be equal to the valency, but 
IS not necessarily so; a considcr.ition of the stable compounds, 
ammonia NH3, nitrous oxide N, 0 , and nitric oxide NO, will 
illustrate this matter. 

The Gravimetric CompositioD of Water.—The direct determination 
of the combining weights of oxygen and hydrogen is a matter 
re(pairing the highest experimental skill, since the weight of all 
gases, and especially of hydrogen, is so small in comparison with 
that of the vessel containing them. The determinations of Mori.ey 
(1895) have since become classical. Motley we^hed the water 
obtained by the combination of a known weight of hydrogen and 
oxygen, 'ihe combustion took place in a gla.ss apparatus (Fig. 7) 
which could be weighed on ihn balance. The carefully dried and 
purified gases were contained in large weighed globes, and were ad¬ 
mitted to the central tube through platinum jets. During the 
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combusticm an excess of oxygen was maintained, and the hydro¬ 
gen, ignited by a spiirk between the sealcd-in platinum wires, burned 
quietly at the jet while the apparatus was cooled to condense the 
water produce<i. Finally the apparatus was cooled in a freezing- 
mixture white (he residual gus was pumped off, analysed, and 
weighed. Any waler-va|H>ur earned by the issuing gas was retained 

by the pliusphoric oxide 
tlirough which it luid to pass. 
After the removal of the gas 
the apparatus was weigli<*ri, 
and the weight of water cahaj- 
lated by difference. A chock 
<m the results is provided bv 
ihc total weight r>f il.ohydr<»* 
gen and oxygen tHiUMitned, 
since this must be c(;nal, 
witliiu the oxjXTimental error, 
lo the weiglit of llie water 
produced. The result of I lie 
experiments was a value 
fur the equivaloiil of 

oxvgcii. 

The e<|nivalent cf any 
other element can bo calou- 
liited directly from tbe icsuUs 
of the gravimetric aiialysii? 
of its oxide or hvdride. If 
the analysis of these com¬ 
pounds is mconvenient, auv 
others may used provided 
that they contiun. in adtiition 
lo the element w’hose equiva- 
l ir. 7 M(iuu',y's Synthesis or Watku lent is to be lietennincd, only 

elements whose etjuivalents 
.are alirady known. An example from the work of RfciiAROs will 
make tliis clear. Richards, who was Professor ol Cheimstry at 
Havvai'd Universit}', carrietl the precision of chemical analysis to 
a jxdnt previously unknown, and in a crowded life <letermined tlie 
atomic weights of nearly all the imjx>rtaiil elements. In one 
well-known series of exix^rimcnts he found that loo'ooo gtu. of 
the purest silver yielded I32*8t>7 gm. of silver chloride, which 
l])ei<*forc contained 32*867 gin. of chlorine. Since the equi\'alcnt 
of silver w.as found from other experiments (o bt* 107*020, the 

equivalent ut chlorine w.\s 32*867 x « 35M70. Il was also 
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kinnvn thal both silver ami chlorine an* univalent, so these mimbers. 
io/'()ZO and .;5*47o, rci>u*t>cnlotl their atomic wights as wdl as then 
eijniviiloiiis. 

Richards' Atomic Weight Work.— A brief account of one ol 
Kichards' atomic weight detcrnuiiations is given in the st‘clion 
on nilffigen (p, 425). A fascinating summary of his life and work 
will bo found in the Kicluirds ^lU-monal I^xturc (i>rintc<l in tli<' 
Journal oj the ChemtaU Soncly, and every student sliuuld 

read, if jxisvjblc, his short essay on Methvds used in Precise ('fh'miud 
htvc^ltf^ution'i, into whichhecoivloiisc^dthoexiHTionce of a lifetime of 
successful rcsi'arcli. A few le^Kling principles may he inentionc<l here. 

Me Ix^gins l^y rniphasi/.mg the iiiipi*>rlancc of measuiing atomic 
weights With the utmost attainable accuracy. No better cxainjilc 
of this can ix.' given than the slight vanatkm from nnity of tlu' 
atomic wi'ighl of hydrogen (i*ooSi>) uw the oxygen sUin<laid: this 
v;i nation has liven made the si an mg-point loi lUi^sl im)>orl;mT 
Ih'due110ns as to tin* nature of the atomic nucleus {(‘liapior X), 
Tlie ch<iici‘ of nuiterial lor an at**rmc weight determination niusi 
)>e goviimed hy the fcillowiug coiisulerations: 

(i) The com|M»unii seks teil imrst Ik! capable of preparation in 
a stale ol gr<*at pin ity. 

(li) 'riie oilier clenieiit.s conUunod m it must lx* of kno\vn 
a tonne weight. 

(m) It must be capable of ex%i<T analysis or synthesis without 
loss of material. 

Of all Llie difficulties of such work, that of purity is |>crhaps the 
mo-t insistent, Solhib separating horn the va|K)ur phase or from 
a solution always carry with them some part of any impurtly which 
may l>e present, and the vlfort to overcome this effect led Richaids 
to some of his most imjiortant improvements in method: 

(I) riie use of a centrifuge or whirling machine to free crystals 
from mother liquoi. 

(II) ITic study of occlusion, that is, the tendency of precipitates 
to carry down with them other substances present in solution. 
Even hard, shiniirg crystals of elw'trolylicaily precipitated 
silver were found to contain solution cnnuslied within 
invisible cavities in the solid. 

(ill) The bottling apparatus (illustrated on p. 42b), in winch 
substances can l>e heated in any desired gjis or in a vacuum, 
and weighed without exposure to the air. 

The solubility of all so-callcil * mwiiuble ' substances in contact 
with the solutions must t)e carefully studied. Glass is not com¬ 
pletely unalTecled by water, and this led to the jncsence of silica 
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in most of lh<* j)reparolioijs of previous workers; Richards used 
vessels made from platinum or fused (juartz. If such a substance 
as silver chloride is to precipitated, its solubility in water must 
be esiimated aiul alltn^cd foi; lor this purpi>st‘ Richards <!(*veloped 
the iU']iln!l(iniclcr (p 427). *1 fares of are easily carried 

away when solutions aic cvajxuatcd to drviicss, and to a\oid tliis 
loss the coiuliiions of evajxiration must be can'fully devised. and 
ccmtrolk'fi hv blank cx}>eriiiien1s. Substances must \>r proU‘e1ed 
from dust by the iim* of IickkIs and enclosed vessels, rtud lU'Otin^' 
by coal-i'sis, wbirli Icarls to contamination by nnpuniies pii seiU 
tn th<* ttas. inu>t be rejdaced by electrical heating. ' I' vcry sub- 
sluiiee mint be assumed to Ix' impure, every reaction nuist bo 
assumed to lx* ineompletc. every method of measurenr ut must 
be assumed to contain vome constant error, until pKu I to the 
contrary can \x* oiitained. As little as i>ossiblo must be taken 
lor pranterl/ 

Actual Weight 0! Atoms.— To calculate the ttiu^ weiglit of an 
atom from the ahmiic wt ighl we lequire to know the weight ol an 
atom of hytirogen, or altcTnatively a kiiowleilge ol Av<>gn<Iro*s 
iininlKT N will do as well. Thi.s I'onstant has Unm ealculiited by a 
variety of physical methods into W'hirh we cannc>i enler hero. 
Th<' rematknble ctnu.ordaiiee of the tesuUs us slw»vvn very suikuigly 
in liie table. 
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• O'O^ 

Crystal structure (11122) 
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Some account of the measurements included under the heading 
‘Brownian movement' will be found m Chapter IX. The best value 
of N is probably (>'023x10^. Since a gram*molccule of In'drogen 
weighs almost exactly 2 grams, the weight of an atom of hydrngcii 
is 3 {>bx To-*^ grams. 

Later Development of the Atomic Theory.- In the face of the 
evidence for the atomic structuru of matter summarized in this 
chapter and in the next, no theory involving a continuous structure 
for matter could now'adays receive serious atlention. There arc, 
how’cver, two tenets of the atomic tbeorv, us commonly accepted 
in the nineteenth ccnlurv. for which wc have as vet a<ldiiced no 
evidence—the doctrines that alom.s arc indestructible and thnt 
all atoms of the same element have the same weight. The first 
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doctrine wrts shown to be uiitnie by the (levclojnnml of the theory 
of radioactive disinte^Tatioii» the second (Jisprov<‘d by Aston 
with iho help ot the inass-sj>crto|xraph. The consequences of this 
di:vrlopnicj)L are furl her discussed under the heading of isotopes, 

p. 


SXJGGESTRT) l-OK FUitTlJEK HICAOTNG 
See the short bihlioj»iaphv on p. 5O 

MautlIvV T. Tf'. HithatiLs, Memorial Ix'chire Cbcm. Sot, 1040. 
Whvtkcaw-Guav•‘L iTtiiliiig IVmsiIjvs,'(/ iw Soc Ouatt. Utv 4. 
GinsoN* ''Iorrcsirral J)istnlnitir»n ol the Elements,' Chent Soc Qiuitt. 
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THK sruiK'ivur. OJ* mattki? 

StiluN, .stn\ Ci>>»Uils ai)iJ uinlcii(K»U‘<l licniitls—Crvstril 

striKtuiv oJ 4f)s(als J.n\v'\ —larii/.ition m 

crvsI.iU • MriluKjs oi striu hiral analvsi-* — Ovhlai slnuluits • - lonu' 

• ^ 

cl.rids -l.Kinjcl {rysliiU (*asI's—K im (ic fiuMiv ol fiasi v —I Jisinhiituu) 

i»i Kiolic ular VC loi itic'H—K muIm* llicn^ry .iiul Oh* ^;al» liWf iiii|>trfecl 
J.H|m'lat'tu*u t»1 ^asis OiUubion- ]‘ah<Mrs law i>2 fcaitu^ inrsKurcs 
'I licTinnl roTirliM livitv S|mh (^ic hdils— \ iwiisjtv I.ionics—Pure' 
Mnlu iilai wia^ht and 'I lie imtuc lid •'t. iuirai U nsius 

o{ <ISSm( tu'c*') IxJUHIs ' I'diMS 4J| (kCil.ll IIHillVllIrs 

Solids, Liquids, and Gases.—In this cliapter \\t shah consali'i 
the solul. Iif|uul, tiUi\ ^ascmis states of matter fmm tlio point of 
view ol structure ratht^r than of chemical lH|ia\lonr. 'JhmiKti 
most (}i the exiH'nnicnls on which onr knowle<!^<* of tltis pari of 
science is basctl have Ihtu made by physicists, an a< (jiiaiiuance 
with their nisiilis is of the hiK'liest inijiortance to (liemi‘'i*, upon 
mam’ of wliose problems Ihcv have cast new In;lit. We saw ni 
tlie ])revioiis chapter how essi'iituil a part the sliulv ol f;ases played 
in the UcKinnin.t's of the atomic and molecular tlu'ciries, 'Ihis 
study has Ijcen pursued continuously since tiie ei.ulileinth ceiiiury 
ami is sIjII yielding' valuable results, but th<' jx'<'uli.ir CJ)iitri!)ulion 
of llio present cenlur\ to these lheork*s, apart Iroin ihe idieimmena 
of radioactivity, lias Ixt'u derived from the slinly of crystalline 
solids, (’mupared with our knowledge of gaso and solids, our 
ideas of the Injuid state are still very vague, and progiess is still 
slow'. In the solid the atoms or molecules ate held strielly in 
position bv the ct»h<‘sivi* forces between them, and tht‘ consnpicnl 
regular arrangement can be ol)s<*r%'i'd. In gases the nuilecules arc 
M* pa rated by distiuiccs over wduch the attractive forces are scarcoly 
oi)crativc, but the rmiiibcr of molecules is so great that the complete 
disorder in wliich they move can be investigated with high accuracy 
by statistical methods. In liquids, on the other hand, the coJiesive 
forces are insuflicicntly strong to maintain a icguhir arrangement 
of molecules in the interior of the substance, but are strong enough 
to prevent any rajiid e 5 ca|>e of molecules from the surface. Our 
ignorance of the laws that govern tha^^e cohesive forces has left ns 
very much in the dark as to the nature of the liquid state, though 
of surface phenomena w*e now have some slight knowledge. 

8 o 
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Crystals and Undarcooled Liquids. —The large mrtjoniy ol solids, 
whether natural or artilicial, arc dohiiitely crystalline; that is to 
say, they are either of regular sliape or can he resolved into smaller 
(if necessary, microscopic) fwirticles of regular shape. SucIj sub¬ 
stances as glass or resin which .show no regular structure arc not 
I me solids, but undcrcoolcd li(|Uiils; that is. liquids in course of 
(•ryslnllibation so slow that over ordinary pcruKls of time it cannot 
Ix' obstTved. The condition of an underroolcd liquid is then, strictly 
speaking, unstable, and is hahlc to change spontaneously into the 
crystalline condition. This is well s<.*en in old soda glass, which on 
stroi^g heating sometimes ‘ <levitTilies/ and in a few seconds becomes 
a mass of small crystals no longer fhiul at that temperature. 
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Some 1*ehkkct Crysials 


Crystal Angles.—'i'hc Mudv ol cry.stals is a.s old as the study of 
science, and for many years wc have been in possession (d accurate 
measurements of the regular shapes in which crystalline substances 
occur. Natural crystals are seUloni jx-rfcctly regular, hut by 
cleavage oi s]>litting they can be ixiIiu'imI to perfect forms of ihe 
same shajie though not neressiirily of the s;imc size. I'he diagram 
(Fig. 8) show's some perfect crystals. Tlie same ch<*n»jcal mill vidua 1 
iilw'ays crystallizes m the same shapes, the majority ha\iiig only 
MiK* crystalline form, others two 
• >r more. Crystalline form ls not 
examined by ine^isuring the lengths 
of the edges, but by measuring the 
angles between the laces; in this 
way a description of llie fomi of the 
crystal can given wliu h quite 
indeiienflent of size. (.oniomkhsk 

The instrument with which the angles are measured is called 
a fiomometer. In the old or contact form ol the iiistrunicut the 
cTvstal was lield between a rigid plate and a rotating arm moving 
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over a scale pradiTated in degrees. In modem instruments we 
measure the angle through which the crystal must be turned to 
bring into a telescope the same ray of light reflected from the faces 
in turn. By a succession of such measurements the angles between 
all I lie faces can be found. These angles are the same for similar 
crystals of the same substance, but it is usually more convenient 
to record the ratios of the intercepts which planes parallel to the 
faces would make on three axes in space. Axes arc usually taken 
parallel to three prominent edges of the crystal; they need not be 

at right angles, hut they 
must meet at a point. 
In the diagrata (Eig. lo) 
OX. OY. and OZ have 
bo<‘n taken as axes, and 
a plane has been drawn 
making intercepts OA. 
OB. and OC on these 
axes. If the plane DEE. 
making intercepts 01), 
OE. and OF, is parnllul 
to the plane ABC. it 
follows from simj^lc geo¬ 
metry that tho ratio 
OA : OH : OC is equal to 
Fio JO. Iktrrcei'Xs on Axks the ratio 01 ) : OE : 01 *. 

Further, the ratio can 
be simplified by making any one of the intercepts equal to unity 
and altering the others in proportion. Since similarity of crys¬ 
talline form means neither more nor less than parallelism of the 
faces when the crystals are in corresponding positions, it follows 
that crystalline form can be recorded by a set of such ratios, though 
not every pair of similar crystals may have all the corresponding 
faces present. Alteration of the relative sizes uf the faces may 
produce great differences in appearance in a pair of similar crystals, 
but the goniometer brings these differences into coincidence. It 
is also found that for the same cry’stal and the same axes the 
intercept ratios of the different faces hear simple relations to 
each other. With the help of these relationships crystals have 
been divuled into a number of systems expressing differences of 
form, such as the cubic, the rkombohcdral, the tyiclinic, the mono- 
clinic, This classification is still necessary to the worker in this 
held, but since the discoviTy of X-ray methods of crystal analysis 
it has become more useful to amcentnite attention on the more 
intimate structures which the crystal ha.s been made to re^'eal. 

Internal Structure of Cnrstals.— -Many years ago it was surmised 
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that the external regularity of crystals was due to a regular internal 
arrangement of minute structur;il units often compared to bricks, 
and by some it was supposed that these structural units were no 
other than molecules. These ideas were developed by the Abbi: 
Hauy (1743-1822), who showed them to be in accordance with 
the known properties of crystals. The units need not have plane 
faces like bricks; they may also be thoi^ht of as spheres in regular 
arrangement such as exists in a pile of cannon-balls. These views 
found general acceptance, but it was scarcely possible, except in 
the vaguest terms, to discuss the relation between the shape of 
the molecule and the shape of the crystal until a historic experiment 
suggc.sted by Laue beg^m a new era in crystallography. 

With the inve.stigation of radioactivity and the elucidation of 
atomic number this ranks among the greatest advances (jf twentieth- 
century chemistry, and of these advances two were made with 
X-rays. Scientific progress is cumulative; every advance in pure 
science is valuable not only in itself but in the assistance it gives 
to other branches. 

From 1895. when X-rays were discovered by Rontgf.n, evidence 
had been slowly collected that X-rays were radiation differing 
from light only in their very much smaller wave-length. Attempts 
had been made ^0 measure this wave-length by means of diffraction, 
a method familiar to students of ph)^ics, but the finest slits which 
could J)e constructed were found to be too wide for the purpose. 
Improvements were made in techmc|uc. and in the spring of 1912 
SoMMEKKELD was able to estimate the wave-length to be of the 
order of 4 X10'* cm., a result not very far from the truth. 

Laue’d Experiment.—In the same year it occurred to Laue that 
since the wave-length of X-rays appeared to be rather less than 
the distance to be expected between the structural units of a 
crystal, it should be possible to obtain a diffraction pattern by 
passing a beam of X-rays through a thin crystal section. The 
experiment was carried out according to his suggestions by Fried¬ 
rich and Kntpping at Munich and was a brilliant success. The 
photographic plate on which the X-rays were allowed to impinge 
after passing through the crystal was found to be covered with a 
symmetrical arrangement of spots about a lai^e central patch due 
to the undeviated part of the X-ray Iwam. This experiment had 
two results of the greatest importance: on the one hand it made 
it possible to calculate with case and precision the wave-1 engtli of 
any given beam of X-rays, on the other it was the beginning of 
11UT definite know'ledge of the internal structure of crystals. Fig. n 
^'liows Laue photographs of beryl (3BCO, AljO,, 6SiOj) and nickel 
sulphate. 

Since 1912 the photographic method of Laue has been sup|)lcmcnted 
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and to some extent replaced by other methods. We shall first 
discuss the theoretical basis of the reflection method developed 
bv SiK William and his son» now Siu Lawrence Braoc, 



by 0j Str Wtl/tam bragg and I he Jtoyu! ^ocuty 

I* JO. ll. l^AiTK PlIOTOOKAPIIfi. b£HVL, NlCKKI. SULPHATl^ 


Consider a beam of X-rays all of the same wave-length (and h< ncu 
called monochroniutic by analogy with li^^ht) nrflccicd from a 
crystal, bounded by the i>lanc LM, in which the structural units 
form layers Py, RS, etc. Let A and H l>e two parallel rays in th(* 
beam, meeting LM and PQ at V and X respectively, where is 
norma! to the surface, and let 0 be the glancing angle (the comiile- 
ment of the angle of incidence of optics), and let the distance VX, 
that is, the distance between the layers, which are evenly sjxieed, 



be denoted by ti. Then the waves in the reflected ray D will lag 
behind the waves in the reflected ray C by the extra distance whicli 
the ray B has had to travel, that is, by the distance XY+XZ, 
VY and VZ being perpendicular to B and D resjiectively. Since 
the angle YVX and the angle 2 VX are both equal to 0 , this distance 
amounts to 2d sin 0. If this distance is equal to any whole number 
of wave-lengths, the rays C and I) will fonn part of a blight beam 
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of X-rays, but if it is not, the difference in pJiasc Ijctwccn parallel 
rays will prcxluce ' (larkn(*5«.* 'ITic reflected X-rays arc thereforr 
collected in a number of narrow beams over a blank licld, and this 
is the explanation of the dark ^)ts in the Lane pliotopjraphs, 
each dark si>ot on the negative corresponding with an X-ray beam. 
It is clearly immaterial whether the X-rays are relieded Irom tlie 
surface layers or arc passed through a thin crystal section; in 
either case the angle 0 which u ray producing a bright beam forms 
with the internal layers must obev the e<|u<ition iiX- 2d sin (1, 
wliere n is a whole number and X the wave-length; U can then be 
calculated Irom A an<l 0 . 



Among the earliest crystals to be investigated were the isomnr- 
phous s^iuiii and potassium clilorides. It was found that the 
crystal of sodium chloride, which is cubic, contained three sets 
of parallel layers at right angles to each other, each layer Ixsing 
separated from its neighbours by s-flsxio"* cm. The volume of 
the culx‘S contained between these layers was therefore (5*63 x 10“'’)^ 
= 1*78 X10 ® c.c. Since the density of sodium chloride is 217 gm. 
per c.c. the mass contained in this unit cube was 2*17 x 1*78x10“^- 
gin. -3*87 X 10“®* gra. The molecular weight of sodium chloride 
is mass of the hydrogen atom gm., so 

the mass of a molecule of stKlium chloride is 0*973 xio“*® gm. 

The unit cube therefore contains ^ molecules of 

sodium chloride. Similar results can be obtained for potassium 
chlnrulo. it remains to be seen how these molecules or atoms 
arc to be arranged within the cube. 

It is known that the al>sor|>tion of X-rays bv matter is rouglily 
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proportional, for equal numbers of atoms, to the atomic number: 
il is therefore not unreasonable to suppose that the reflection of 
X-rays varies in a like manner. By a study of the intensity of 
the reflected beams it is then possible to place the atoms with 
some certainty: for in iH)tassiuni chloride the atomic numbers of 
the two atoms are very roughly equal, whereas in sodium chloride 
they differ coiisidi-rnbly. The structure of the unit cube arrived 
at in this way is shown in lug. 13,1 he black dots representing sodium 
(or potassium) atoms, the while ones chlorine atoms. 

Several interesting points are at oiicc obvious in the diagrain. 
In the first place, it appears to contain 27 atoms, whereas the unit 
cu!>c contains only four molecules, or eight atoms. It must, how¬ 
ever, be remembered that the unit rcprc.scnted is only one of a 
number ol contiguous culies. The aimer atoms are to l>e shared 
bi'.tween eight cubes, and therefore count only one-eighth each, 
the atoms on the edges count one-quarter, and the atoms on the 
centres of the faces count one-half. In the second place, the 
molecule has disiipficarcd: there remain only atoms. Each chlrTijie 
atom has six sodium atoms for its nearest neighbours, but as tlicy 
arc equidistant it is no more closely connected with any one ilian 
with any other, and each SfKiiiim atom is surrounded by six clili^nne 
atoms. This can be most clearly seen at the cenlial stxiiuui 
atom; for the others the contiguous cubes must not l>e for;;oiien. 
Indeed in all questions of crystal structure it is highly important, 
w'hen drawing any conclusions from a diagram of tlie crystal unit, 
to remember that it is one of a scries extending in three dinicubions. 

Ionization in Crystals. —The question inevitably arises: Arc we 
expected to believe that the atoms of sodium and chlorino thus 
brought into very close companionship are the same atoms to which 
in the elementary state such violent affinity for each other is attri¬ 
buted? And how can a regular arrangement of sodium and chlorine 
atoms in space constitute a compound whose properties in no way 
resemble those of its elements? The answers to these (| nest ions 
cannot be fully understood till the modern electron tlK*(»ry of 
chemical combination has been discussed, but in the mecintimc it 
may be stated that independent studies of the physical jirojxrties 
of salt crystals have conclusively proved that the particles present in 
the crystal structure are not atoms such as exist in the element 
but bodies called ions, consisting of sodium and chlorine atoms 
whose cliemical properties have been entirely altered by the exchange 
of an electric charge. It is these acquired electric charges that 
hold the ions in position in the crystal structure; the negativcly- 
charp^ed chlorine ion is securely held in place by the six posit i\'cly- 
cbarged sodium ions which surround it. 

Methods 0! Structural Analysis. —We may now briefly describe 
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the principal methods by which these results are achieved, In 
the Lauo metliod the monochromatic X*rays, narrowed to a fine 
pencil by passage through a lead diaphragm, pass llirough a thin 
slice oi the crystal and arc received on a photographic plate on whicli 
the central unrleviated ray falls normally. The 1 -iraggs altered 
this method in two particulars: they reflected the rays from the 
crystal, which was mounted on a turntable, and they determined 
the angles at which intense reflection occurred l^y passing the re¬ 
flected ray into an ionization chamber. X-rays have the property 



of causing gaseous molecules to dissociate into oppositely-charged 
atoms, or ions, whose prcs<‘uce can be detected by an electrometer 
connected to plates in the ionization chamber. The whole appa¬ 
ratus recalls a spectrometer, in which the source of monochromatic 
light is the X-ray tube, while the ditfractiun grating is the crystal, 
and the place of the tclcsc^ijx; is taken by the ionization chamber; 
it is in (act called an X-ray spectrometer (Fig. 14). 

The application of the original methoiLs of Laue and Bragg was 
limited to substances which could be obtained in crystals of reason¬ 
ably large size. In a tliird method, independently proposed b\' 
Hull and by Deuye and Schekrer, this is no longer necessary, 
the place of tlie single cry'stal being taken by a powdery ma^^s ol 
small crystals, through whicli a beam of X-rays is passed according 
to the Laue method. The crystallographic axes of these small 
crystals, and consequently their lattice planes, are inclined at all 
possible angles to the incident beam, but since, for the reasons 
disevissed in the cxpliinatiou of the reflection method, the beam 
can only be deviate through certain sptMhficd angles, a scries of 
concentric circle’s is registered on tlie plujtograpliic plate, and by 
measurement of their radii and intensities the necessary deductions 

D 
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can be made. The discovery of the powder method has greatly 
increased the usefulness of X-ray analysis. 

So definite and so accurate are the deductions from these methods, 
particularly the first two, that the wave-length of monochromatic 
X-rays is now usually determined by measurements on a crystalline 
substance whoso lattice dimensions arc known. On the other 
linnd there arc still many difiiculties to be overcome, partly technical 
and partly systematic. Some crystal structures, particularly ol 
organic substances, arc so complicated that their elucidation is 
at present diflicult, and hydrogen atoms—almost constantly 
present in orgiinic <:omi>ounds—are parlicularly difficult to place, 
on account of their small mass and con.s<‘(]uciit feeble power of 
reflecting X-rays. W’e shall briefly consider a few of the more 
interesting structures wliich X-ray analysis has revealed. 

Crystal Stnctuies*— All the alkali mono-halides have the sodium 

chloride structuje except the 
chloride, bromide, and iodide 
of the licavicst member, 
caesium, wliich have whal is 
called a * IxKiy - cent red ' 
cubic lattice (Tig. 15) instead 
of the latth'c already illus¬ 
trated in Fig. 13. The 
different types of lattice found 
atnong the alkali-inctal hahdes 
can be attributed to tlic 
different radii of the alknli- 
metal 10ns. Every ion Icjuls to 
surround itself with as many 
ions as possible of opposite sign, and to place itself as far as possible 
from ions of like sign. If the ions are of like si/w;, as in caesium 
chloride, the stablest structure is the body-centred cube, in which 
each ion is surrounded by eight others of opposite sign and eight 
others of the same sign. The ions of opposite sign are, however, 
closer to it than the others, the ratio of the distances being v'3 : 2 
or 0*87 : I. If one ion is much larger than Ihc other, as in sodium 
chloride, this structure brings ions of like sign too close togetlier, 
and is replaced by another, depicted in Fig. 13, in which each ion 
is surrounded by only six of imlike sign (and twelve of like sign), 
but in wliich the ratio of the distance between adjacent unlike ioius 
to the distance between adjacent like ions is farther from unity, 
namely 1 : \- 2 or 0*71 : i. 

One of the most interesting crystals from Ihe structural as well 
as other points of view is the diamond. This structure (Jug. i(>) 
bears out in the most striking way the tetrahedral arrangement of 
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Fio ThuSiHI’CTUKK of Ulli 


the valencies of carbon long since postulated by Van't Hoff to 

account for the stercochemic^ properties of organic compounds. It 

is also interesting to note i 

how six-atom rings, which /\ 

are familiar in organic i I 

chemistry, appear in CjxV^ 

the crystal structure of ] IT 

carbon. 1'he well - known 

lianiuess of the diamond is 

no doubt to be attributed to A A 

the mechanical efTicicncy of . | ^ 

this isotropic structure, and 

may well be contrasted | I I I 

with the softness of gra- 
phite, illustrated in Fig. 17. 

In tins modification of car- A ii i 

hon t!u‘ atoms arc arranged— 
in ilex ago ns—in coin- 

]>aratively witlcly - spaced I ] Y Y 

planes. The cfMiscquence is ^ 
that graphite combines 

tenacity in one <Hrcction with wcahucss in another. The connection 

] between the jdunes is so weak 

I that they slide readily one on 

YsY another, while the dost* atrange- 
I \ \ meiit within them makes thorn 

I — difficult to dismemlw. It is to 

'-•C these circumstances that the 

_^ lubricating qualifies of graphite 

I arc due. 

^ I Once more we soo that the 

I simple chemical molecule has 

- - vanished: a diamond is one 

immense molecule, since it is 
nowhere possible to iind any 
Ns group of atoms isolated from thr 
rest. It is only when we come to 
—vr * review* the structure of organic 

rr\'‘^tals that w^e find the identity 
of the molecule preserved. 

I ^x The structures of diamond and 

Fig. 17. Tiik Structure of graphite show that in thU case 

Graphite at least the occurrence of allotropy 

can be attributed to the stability of alternative crystal arrangements. 
The same is true of iron, whose a, and 5 mcKl^ications crystallize 
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Fig. 17. Thk Structure of 
Graphite 
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in the body-cciitrcd cube arrangement, while the y variety is in 
face-centred cubes. On the other hand, no change in structure has 
been detected in the transformation from the a to the variety. 
This involves a change from a magnetic to a non-magnetic material, 
and there is other evidence to show that considerations of civstal 

structure will probably never be 
sufficient to account for all the 
known cases of allotropy, even 
^ among crystalline substances. 

Some progress has been made 
in the correlation of optical 
activity with crystal structure. 
Thus the optically active pro¬ 
perties of a- and jS-quartr. arc 
probably to be ascril>ed to the 
presence of oxygen atoms 

I'iG. i 6 Tjik Stkuctuuk oi* Calcium 'Arranged in spirals, which may 
Fluoriuj*. CaF, be either right- or loft handed. 

The very complicated structures 
of the silicates have also been investigated; in these the predomi¬ 
nating factor is the arrangement of the oxygen atoms, whicli 
appear to occupy a volume out of proportion to their numlH*?, 
The other atoms lie within the interstices of the oxygen framework. 

Another type of structure is presented by fluorspar, calcium 
fluoride, CaFj (Fig. i8). 

Peculiar interest attaches to the structure of ammonium chloiido, 
in which the identity of the 
compound radical is clearly 
brought out (Fig. 19). 

The investigation of alloys 
has also yielded instructive 
results. When the two ele¬ 
ments forming a binary 
alloy crystallize in the same 
structure, it is usual to 
find that the atoms of one 
can be replaced step by 
step by the atoms of the 
other; this is the case when 
the metals form alloys in 
all proportions, and is particularly likely to occur when then 
atoms are of similar weight. If the elements cr>*stallize in 
different structures, the structure of one is preserved until a 
certain criticiil concentration of the other is reached: the struc¬ 
ture then changes abruptly. In mixed crystals loo—a class of 
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Fig. 19. The Sthuctukii oi* Ammonium 

CtILORlUU 




THE STRUCTURE OF MATTER 91 

substances characterized by the possibility of variation in iht 
proportions of the constituent compounds—similar ions can take 
each other’s places at random in the lattice. The formation of 
mixed crystals is usually confined to substances of similar crystalline 
form. Such substances are called isomorphoas, and it is often 
found that the corresponding compounds of similar dements are 
isomorphous, e.g. many sulphates and chromates. Isomorphism 
depends less, however, on valency than on the similarity of com¬ 
pleted electron shells (Chapter XI), e.g. calcium fluoride, Cal%, 
is isomon>lious with sodium sulphide, Nu^S, ih<* electron shells 
of the calcium and sulpliidc it ms, on the one hand, and of the 
lluonde ami sodium ions, on the other, being klcrUic.1l. 

'J'ho detcrmiiration of the crystal structure of organic substances 
is made difficult by the large number of atoms present in the crystal 
unit. In these substances the molecule is preserved, and it is not 
unusual to tincl tliat the crystal unit contains two, three, or four 
molecules. The molecuk's themselves are electrically neutral, and 
they probably kee]> their place's hv reason of the interaction of the 
imsyrnmctrical fields of force in the molecule. Work on benzene 
and nrL]>hthalenc confirms the structures a.ssiguc(l to these com¬ 
pounds on chemical grounds. The structure of the fatty acids 
deduced from X-ray analysis fully confirms the evidence of their 
physical properties. These ackls, whose general lormula is 
C'H:,.(('H^)„.<'OUll, are arranged in double layers in which the 
COOli groups all point inwards, while the methyl groups point 
outwards. Since almost the whole of the chemical activity of the 
molecule is concentrated in the COOII group, it is not surprising 
that in the cr^'stal these groups should he found closely connected. 
Tlie direction of the long chains appears not to be at right angles 
to Ihe ])laiios in which the COOII groups lie, but it is possible to 
calculate the length of the chain and hence to form an estimate of 
thi* extra length required for each CH*. 

\Mulc it may be doubted whether, even with its present higlily 
developed technique of calculation. X-ray analysis will ever rc])lace 
the traditional mctluKls of organic chemistry, the situation has 
often arisen in which the older science can only with extreme 
difficulty distinguish l)Ctw<*on the few alternative structures to 
which it has reduced a problem. It is then that the X-ray method 
may prove decisive. 

The Packing of Crystals. —Tlie knowledge gained from X-ray 
analysis of solids has ci>abled us to discern the principles governing 
the packing of the units out of which the crystalline solid is built. 
If a number of equal spheres arc packed into a given space as 
densely as possible it will be found that every sphere is symmetrically 
surrounded by and in contact with twelve others. This arrangement 
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of close-pachng is typical of the majority of the metals, al¬ 
though the alkali metals show the slightly less dense packing of 
eight atoms symmetrically in contact with any one atom, their 
cubic structure resembling that of caesium chloride shown in 
Fig. 15, p. 88. The chief influences causing a reduction in the 
density of packing are (1) the crystal is composed of unlike units of 
different sizes, (2) the effect of ionic charges in crystals composed of 
ions, (3) the presence of directed valencies. Of these (i) and {2) are 
purely geometrical or electrostatic in origin. The comparatively 
open packing in diamond (Fig, lO, p. 89), in which there arc only 
4, tetrahedrally-disposed, nearest ncight^urs to any one atom, is 
entirely attributable to the strong tetrahed rally-directed valencies 
of carbon: the hardness and low compressibility of diamond being 
ensured in spite of the open packing, by the strength of the boniis 
between atoms. It has become customary to use the term ' co¬ 
ordination ' in describing the type of packing in terms of nearest 
neighbours. Thus the «dkaJi metals show 8-co-ordination, sodium 
chloride and very many other ionic crystals 6<o-ordinution, while 
diamond exhiints 4-co-ordination. The types of co-ordination 
occurring in crystals correspond only to the numerals 12 (close- 
packing), 8, 6, 4, 3, and 2. A crystal composed of unequal numbe rs 
of unlike units, such as calcium fluoride CaF^, must contain a double 
co-ordination, in this case 8 : 4 co-ordination, implying that every 
fluorine ion F' has 4 calcium ions Ca+*^ as its closest nciglibouis, 
but every €3***+ ion is immediately surrounded by 8 fluorine if)ns, 
as a careful inspection of Fig. 18, p. go will show'. lu tins usage 
the term co-ordination has a purely geometrical meaning, which 
must not be confused with the chemical meaning given to thus word 
in respect of a certain type of valency (p. 345). 

Ionic Diameters.-—Numerous attempts have Ixcn made to 
calculate the dimensions of the ions by supposing tliem to be rigid 
spheres in contact in the crystal. The results of these calculations 
lead to values for the ionic diameters roughly in agreement with 
those calculated by other methods, but to obtaiji closely concordant 
values it is neccssaiy' to restrict the comparison to salts of the 
same type, lhat differences should arise is not surprising, since 
there is nothing to show' that the atoms or ioits are rigid sjihercs, 
and what we know of the distribution of their fields of foice in 
space does not lead us to suppose that they art* either symmetrical 
or unyielding. It is probable that the atom has no definite size, 
but adapts itself to the exigencies of the structure in which it finds 
itself. Current estimates of atomic and ionic radii have, however, 
been of use in pointing the way to the probable interpretation of Die 
X-ray data for new substances. The following are some of the 
values, expressed in units of cm: 
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Li 

1-52 

Na i'8r> 

K 

2-31 

NH4+ 

1-43 



Li+ 

078 

Na-* 0*98 

K+ 

1-33 

0- 

1-40 

F- 

1-33 

C 

077 

Si 1*17 

N 

073 

0 

074 

F 

072 


laqnid Crystals.—Before leaving the subject of crysfal stmeture 
we must refer to the so-called ‘ liquid crystals.' Some organic 
substances (e.g. para-azoxyanisolc) on melting pass into a form 
with the fluidity of a liquid but some of the optical properties of 
a crystal. Tliis peculiarity disappears when the temperature is 
raised above a certain limit, and a lujrmal liquid is produced. 
Liquid crystals share with true crystals the phenotnenon of aniso^ 
tropy, that is to say, their }>hysical properties (such as refractive 
index) depend on the direction in which they are mca.snred. This 
phenomenon is never shown by true liquids. Some liquid crystals, 
such as ammonium oleale. when melted in small quantities on a 
horizontal surface, form drops whose sides are not curvilinear but 
arranged in small regular steps which can be made to slide one over 
the other. 

Tlie explanation of these curious properties is probably as follows, 
Substances known to form liquid crystals are presumed to have 
long molecules in which the chemical activity is very unevenly 
<hstribulcd and is chiefly concentraU^d at certain points. These 
molecules even in the li<]uid state tend to set themselves with their 
axes parallel, and it is this arrangement which simulates the appear¬ 
ance of crystalline form. The anisotropy of such substances as 
stretched rubber can also be brought out by X-ray analysis; sub¬ 
stances in such a condition must contain a rudimentary form of 
cryslallinc structure. 


Casks 

Kinetic Theory of Gases.— We have shown in Chapter I how the 
study of gases led to Avc^aclro's hypothesis and the importance 
of this study for the determination of atomic weights. Since the 
time of Av<»gadro our i<leius of the gaseous state have been extended 
by the development of the kinetic theory, chiefly due to Ci.urk 
Ma.vwku., Clausius, Boltzmann and Van pkr Waals. This 
theoiy is a corollary of the kinetic theory of heat, according to 
which Uu* heat cnci^* of a substance, whether solid, liquid, or 
gaseous, consists of the kinetic energy of the random motions of 
its particles. Absolute temperature is taken to be a measure of 
the average kinetic energy of the particles, 11 ic at<'mic and 
molecular ilieorics allow these particles to Ix^ identified with mole¬ 
cules, for substances in a gaseous state, and the kinetic theory of 
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is based on a statistical study of the magnitude and direction 
of tije molecular velocities. 

T!\c nu)!cculcs arc assumed, for purposes of calculation, to l)e 
spheres, and \vc must also suppose them to be jxrfectly eJastir, 
sinre bv tlie I.mc of iJtr Conscrvaliott of Eticr^ nr> energy can be 
lust in tl»e frcqm nt cuUisions betwiM?n molecules. These collisions 
will cause the velocity and dircctioti of a molecule to suffer fro(juent 
and violent changes, so that its rate of progress Ifirougli the gas 
is comparatively shiw, in sjnte of the very high velocity oi molecular 
movements. I'hus at the mean speed of a hydrogen molecule 
is about 1*6 km. per second, but in each second it suffcis about 
colUsirais with other molecules, so tlmt the averjy^e distance travelled 
in a second, measured in a straight line, is less than i cm. 

Distribution o! Molecular Velocities.— On account of these abruj^t 
changes of velocity the speed of any selected molonile at a give!\ 

momej;t may have any 
value from zero up to a 
value several times the 
mean velocity. The 
distribution the 
velocities is illu,^trated 
in the diagran^, in 
which the possible 
v.ilufis of the vch‘City 
are plotted on the Ijnri- 
zonlal axis wliilo the 
>’ertical axis represents 
the number mole* 
cules [icr c.c. which 
i'nj 20 . Di&iKiruTioN or Velociiv AMo.Nc Gas are moving with that 

Moli-xclj.s velocity at a given 

monjcnt. The point M 

marks the mean velocity, and it will be seen that molecule.'^ with 
a velocity in the neighbourhood of the mean are very much mon' 
numerous than molecules with very small or vcr\' grout veincitics. 



The form of the curve Wiis worked out by Maxwell with the lie Ip o[ 
the laws of probability. 

Kinetic Theory and the Gas Laws. —It can be shown that ihe 
simple law.s governing the effect <4 temperature and pressure on 
the volume of a gas are in accordance with the postulates of the 
kirjflic theory. In the calculations we shall us<: not tho mean 
velocity but the root-mean-squarc velocity, that is, the square nxn 
of the arithmetical mean of the squares of the velocities of ali tlio 
molecules at a given instant, and we shall assume that all tho 
molecules are moving with this velocity. For a proof that this 
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assumption is legitimate we must refer the student to one of the 
larger textbooks of physics» but in passing we may point out 
that it docs not affect the total kinetic energy of the molecules, 
which is a function of the sum of the squares of their velocities. 

Consider a gas confinc<i at a tcm{)eralure of 7 ^ Abs. and a pressure 
p in a cube of side a. Let the mean square velocity of the molecules 
at this temperature be u, and let tl^esc velocities be resolved into 
velocities and parallel to throe sides of the cube meeting 

in a point. Then by solid geometry 

('ensider the component along the x axis. A molecule moving 
parallel to the * axis with velocity will strike the yz wall of the 

cube times per unit of lime. Since it leaves the w'all with an 

equal but opposite vclocilv the change of momentum at each 
impact is 2mu^, where m is the nuiss of the molecule, and tiie 

change of momentum per unit of time is . The 

change of momentum jht unit of time in all directions is then 

^ w,+n,*)= ^ • per molecule, or —^ - \i there are n 

molecules in the cube. Now these molecular impacts are the cause 
of the pressure exerted on the walls. The rate of change of momon- 

turn, which has the dimensions of a force, is - divided over 


the six walls of the cube, of combined area 6a*, or « per unit 

3a* 

area. '1 his force per unit area is equal to the pressure p, whence 
. liut a* is the volume of the gus (say V), and we have 
agreed that the absolute temperature T is to be proportional to the 
kinetic energy of the particles—Hence 
pV 

= constant or pV=RT, where R is a constant. 


The value of the constant R depends on the mass of gas which is 
taken: in numerical calculations it is best to remember that at 
0® C. and 7bo mm. pressure the molecular weight of a (perfect) gas 
expressed in grams occupies 22*41 litres. In heat units this brings 
the value of R to 1-99 calories per Centigrade degree, per grain- 
molecule. 

This relntion combines the laws usually cailcil by the names of 
CuAKLES and Boyle, expressing respectively the effect of tempera¬ 
ture and pressure on the volume of a gas. It is, however, found in 
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practice to be only approximately correct, and for gases in the 
neighbourhood of their boiling-points considerable differences 
arise. A hypothetical gas which exactly obeys the simple gas law 
is called a i)crfect gas, and in calculations where high accuracy 
is not required this convention is a very useful one. Hydrogen 
and nitrogen approach most nearly to the behaviour of perfect 
or ‘ ideal * gases, and for this reason are used in gas thermometers. 

Imperfect Gases. —The first successful attempt to give mathe¬ 
matical expression to the imperfections of reid gases was made 
by van der Waals, who pointed out two sources of inaccuracy in 
the simple form of the calculation: 

1. The volume V must be reduced by an amount 6 to allow 
for tlie space occupied by the molecules, which according to the 

theory is 

2, In the interior of the gas the attractive forces !}etwccn the 
molecules operate in all directions and therefore cancel out, but at 
the surface of the containing vessel, or at the manometer, where 
the pressure is actually measured, the attractive force of the 
molecules ojieratcs inwards and is unbalanced from the outside. 
This drag manifests itself as a reduction in the pressure, and is 
proportional both to the number of molecules on the surface of tlie 
gas on which the attraction is working and to the number of mole¬ 
cules behind them to which the force is due. Both these are pro¬ 
portional to the density of the gas. which, for a given mass of gas, 
is inversely proportional to the volume, so a term inversely ])ro- 

portional to the square of the volume, say where « is a constant, 

must be added to the pressure in llie simple gas equation. 

The equation tlierefore becomes: 

where a and h are constants specific for each gas, calculated from 
the observed variation of with pressure and temperature. 

Expanded, this becomes: 

pv-pb+^^=Rr. 

neglecting the small product of the correcticjns. Since both a 
and i arc positive, the variations from constancy of pV may take 
either a positive or negative direction, according to the conditions. 
The nature of these variations does indeed vary from gas to gas. 
The diagram (Fig. 2i) shows pV plotted against p in attnosphercs 
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(rom Amagat's rcsuits. Whereas hydrogen at o® C. shows a 
continual increase in with pressure, nitrogen at C. shows a 
slight minimum, and ethylene at loo’^ C. a pronounced minimum. 
Other gases, such as carbon dioxide, with comparatively high 
boUing-points, resemble ethylene in their behaviour. 



J jc zi Vakiatioks from BoYi.i;*s I.aw 


Liquefaction ol Gases.—These deviations from the basic laws of 
ideal gases have imp<jrtant pracUcal applications to the liquefaction 
< >f g: ises and ih»'. \\i nk mg c j f rc fr i gcrat ors. S in cc /> F i s app ro x i mat cl y 
e(]ual to RT, and T is proportional to the kinetic energy of the 
molecules, any change in pV must involve a change in the kinetic 
energy of the molecules. If such a change in pV takes place on free 
expansion of the gas, the excess or deficit in kinetic energy must 
be derived from a spontaneous change in the temperature of the 
gas. That this does actually happen was shown by the celebrated 
ji^ULE-TiiOMSON ‘pon>us plug* experiment. A gas was allowed 
to flow slowly through a porous partition from a region of high 
j>rcssuio to a region of low pressure and the small change in tem¬ 
perature was observed. In this and other experiments it was 
femnd that most gases (hydrogen was an exception) showed cooling 
under these conditions, whereas hydrogen grew slightly warmer. 
Since the experiments were made at not very high pressures, the 
results confirm those shown in the diagram. For most gases at 
moderate pressures, pV decreases with increasing pressure and 
therefore increases on expansion: the energy required for the 
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increase must come from the tliermal energy of the gas, whose tem- 
fKTaturc Uicrcforc falls. At lower tem|x>ratures the exceptional 
behaviour of hydrogen disappears, and it suffers cooling like other 
gases. 

The cooling of gases on free expansion is put to use in liquefaction 
plants. The gas is first compressed in a pump to some 200 atmo¬ 
spheres. and is then 
piussod through a 

the heat produced 
in compression is 
absorbed Erom 
the cooler the gas 
passes to a vvdl- 
insulated coil sur¬ 
rounded by the 
return current of 
cold gas. The object 
of tliis coil, which is 
ii.sually verv kuig, 
is to bring the ga^ 
inside and out to 

I'io LtQUT.r^cTJON OF GASES (I>iACFAUMAfjc) nearly the same 

tem|X‘rature. It is 

therefore made of copper and is often double, the entering gas being 
inside and the issuing gas outside. At the bottom of the coil is the 
jet at which free expansion takes plate, and after the plant has been 
ninning for sonic time drops of liquid collect in the receiver. 

A modification of the process is necessary if hydrogen is to be 
liquefied, since at loom temperature hydrogen is nut cooled by free 
expansion, but, on the contrary, slightly warmed. Helow — fto^ 
cooling takes place, and hydrogen is therefore cooled to well below 
this tempcTaturc with liquid air before it is admitted to the 
expansion pi ant . 

Diffusion.—GKAHAM*sL^tt»o/ Diffusion is an interesting confirma¬ 
tion of the kinetic tJieory of gases which in recent years has Ix'en 
put to use in the wparation of isotopes {p. 319). Graham found 
that the rate at which gases at equal lomperatures and pres^^uus 
diffused through small orifices was inversely jjroporfionaJ to the 
square root of their densities. Wc know from Avogadro's hypo¬ 
thesis that under ihese conditions the density is proportional to 
the molecular weight, so that molecular weights can be written 
instead of densities in Graham's law. Thus oxygen, with nearly 
sixteen times the molecular weight of hydrogen, diffusers only one- 
quarter as fast. The explanation is as follows. The mean square 
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velocity is connected with the absolute temperature by the relation 

-—already deduced, 'flie mean square velocity is 

therefore inversely proportional lo the s(|uare root of the molecular 
weight. Now the rate of dilTusiun depends on the number of 
molecules which strike one of the small orifices (c.g. the pores of 
meerschaum) in unit time, and this must be proportional to the 
velocity, or inversely proj)ortional to the Sijuare root of the 
molecular weight. 

Dalton’s Law of Partial Pressures,—In such experiments as th<^^e 
the gases may be in the same ves.srl at the same time without 
disturbing the relationships, provided that their partinl pressures 
are considered, and not (he total gas pressure. The partial ja cssure 
of the gas is the pres¬ 
sure wliich it would 


To 


Wheatstone’s 
Bridge 





^Gas 
enters 







Gas 

leav^*? 


exert if it alone filled 
the space in which the 
mixture is confined. 

'[’ho total pressure is 
Iho sum I'f the partial 
pressures (Dai.ton's 
/. ri7r), and tliis ob- 
vumslv follows from 
tbc kinetic tbeorv, but 

4 

eNiierinunil sometimes 
reveals differences 
when the gases under 
consideration arc those 
whose bchavit/ur under 
changes of temper a- 
tnre and pressure 
sliows much deviation 
from the gas laws. 

Thermal Conductivity, —The thermal conducti\*ities of gases 
de}.>cnd on the average distance travelled by the molecule bctw'een 
collisions (called the ‘ mean free path *), the complexity of the 
molecule, an<l the molecular weight. Since this propert}^ can bo 
rapidly measured in an apparatus designed for the purpose, and 
since it varies very greatly for different gases (e.g. liydrogen has 
more tlian ten times the conductivity of carbon dioxide), instruments 
called kaiharomeUrs wmking on this principle are sometimes used 
for the analysis of gas-mixtures in factories, in preference to the 
more accurate but far mare laborious methods of chemical analysis. 
A coil of thin platinum wire forming one arm of a Wheatstone’s 
bridge is kept, by the current flowing through it from the bridge, 


V 


Fig. -3. ivATIIAHOMfcrFK 
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at a temperature some five or ten degrees above that of its sur¬ 
roundings. The gas stream, first cooled to the tem]>erature ol 
the apparatus, is made to flow past the wire at a fixed rate. The 
resistance of the wire depends on its temperature, which in turn 
depends on the cooling effect of the gas, so alterations in the thermal 
conductivity of the gas are immediately reflected in the bridge 
readings. The apparatus is peculiarly well adapted to furnace 
control by analysis of the floe gases. 

Molecul&r Heats.—The molecular heats of gases, though difficult 
to measure with accuracy, are of great theoretical importanci*. 
Two molecular heats must l)e distinguished, at constant volume and 
at constant pressure, denoted by C^ and C^. The m(jli cnlar heat ai 
constant volume is the numl)er of calories rc<juired to raise the 
temperature of one gram-molecule of the gas through one Centigrade 
degree, the volume being kept constant. Under these conditions 
the pressure rises, and to reduce the pressure to the original value 
the gas must be allowed to expand. This implies the performance ol 
work, and it is easily seen from the equation pVssRT that the extra 
heat required, to offset this work, is J? calorics=roughly 2 caloi ics 

—C^,. Now and the total kinetic energy ol 

3 

iranslation of the molecules, which we may call E, is 


2 ^ 

bV—-E. and E- -J? 7 . h'or unit increase* in 1 the iiicrea.^ in 
3 2 

E is therefore equal to ^J?=nearly 3 calories. If the only kinetic 


energy j>ossessod by the ga^ molrculcn were theu translational 
energy, this wouhl be equal to C^, and this is indeed found to 
be true for all the monoatomic gases so far investigated—mercury 
v'apour and t)jc inert gases. But when a polyatomic 
molecule is heated, not all the energy supplied goes to incrca.se 
the kinetic tinergy of the motion of the molecule through the 
gas. Some energy is required to increase the n»taiionai energy 
of the molecule and also Uie energy of relative motion, probably 
oscillations, of tlic atoms within the molecule. These two 
together may be called the internal energy*, llicn 


C^,= translational energy-)- internal energy (if any) and 
C,— .. -I- „ „ - 1 -extemal work 


C^_3+internal energy-f-2__5-f internal energy 
3+internal energy ”’3+internal energy* 


Monoatomic gases have no internal energy, and consequently 
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-=1*67. This is in accordance with experiments on the velocity 
^9 3 

of sound in these gases, from which the ratio of the molecular heats 
can be calculated. The more complex the molecule, the greater 

C 

the internal energy and the nearer to unity the value of This 
again is in accordance with experiment, as the following table shows: 


Gas: Argon Hydrogen Carbon dioxide Benzene Turpentine 

Q 

1*65 1*41 1*30 109 1*03 

Viscosity.—On the basis of the kinetic theory equations have 
been developed connecting the viscosity ‘ of gases with the molecular 
weight and the mean free path. The viscosity can be determined 
experimentally, and if the molecular weight is known the molecular 
diameter can be calculated. The results of these calculations are 
in indifferent agreement with the values deduced directly from 
measurements on crystals with X-rays, the difference being usually 
about 40 per cent. The same applies to calculations based on the 
value of the constant b in van der Waals's equation; it will be 
remembered that this is supposed to be proportional to the space 
occupied by the molecules in the gas. These and other results 
make it probable that the molecular diameter is not a fixed magni¬ 
tude, inde])cndenl of conditions. 


Liquids 

Pure Liquids.—While the recently introduced X-ray methods of 
crystal analysts have thrown much light on the nature of the solid 
state, and while the kinetic theory has done the same for gases, 
our knowledge of pure liquids (as distinct from solutions) is still 
rudimentary. That the molecules in the interior of a liquid are 
in motion is shown by the fact that two mutually soluble liquids 
placed in contact diffuse into each other until the system is homo¬ 
geneous. The kinetic theory accounts for the difference between 
the liquid and gaseous states by assuming that in the former the 
molecules have been brought so close together that the inter- 
molecular attraction is sufficient to overcome the tendency oJ 
molecules to leave the system. Surface teiision is caused by the 
inward pull of the body of the liquid on the surface molecules. 

^ Tbe viscosity of a liquid or a gsis is the force per unit area between two 
parallel planes unit distance apart when the liquid or gas flows between them 
and pHraliel to them with umt difference of velocity at the two planes. 
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Only molecules with exceptionally high velocities are able to over¬ 
come this attraction and break through the surface, and the vapour 
pressure at any temperature is a measure of the number of molecules 
for which this is pc;ssiblc. As the temperature is raised the con¬ 
centration of molecules in the vapour phase approaches the 
concentration in the liquid phase; when these two conccntrnli(ins 
become equal the surface tension is reduce<l to zero, the liquid- 
vapour surface disappears, and the criiical kmperature is reached. 

While there is little doubt that this kinetic view of evaporatirm 
is correct, not much else is certain. Ignorant as wc arc of the law 
f'f force between molecules in dose contact wc cjinnot calculate 
the mean free path or the v(»lume of the molecules. Even the 
determination of the molecular weight of pure liquids is a problem 
of much difficulty, In this section we shall confine ourselves to 
a short discussion of this problem and to an acronnt of some rcr<*rjt 
experiments which tend to show that certain tyjics of molecules 
at least are at the surface arranged in a regular fashion. 

Molecular Weight and Association. —Tliere is no reliable method 
of determining the molecular weight of a pure liquid. Much 
evidence has l^n accumulated that a large class of liquids is assiv 
dated, that is, the apparent molecular weight is greater than that 
attributable to molecules in the vapour at temperatures writ above 
the boiling-point. 

The molecular weight of a liquid may very well be more, but 
can liardly l>e loss, than the molecular weight of its vajwur. Thus 
if vapour-density measurements betray the presence of imiltiph* 
molecules in the vapour, as in the vapour of acetic acid, hydrogen 
fluoride, or. to a much less degree, water, there is a strong prob¬ 
ability that these liquids arc associated. The molecular weight 
of a liquid when dissolved in another can be accurately measured 
by the methods outlined in Chapter IV, and a high result in such 
experiments is evidence of association in the pure liquid, though 
quantitative deductions from such data arc unjustifiable. Water, 
for instance, w'hcn dissolved in other liquids, has a molecular 
weight varying according to the solvent and concentration up to 
nearly double tljc value corres|X)nding with the simple formula H^^O. 

An abnormally higli value for the latent heat of vaixirization 
points in the same direction. On vajwization associated liquids 
usually suffer a reduction in the mean molecular weight, and this 
breakdown into smaller units al*»sorbs heat which must form pari ol 
the experimentally determined latent heat. Liquids which are in 
fairly close agreement with the relation atllcd Troutok's Rule: 


MJ 

'T 


asconstanl (about 21 cal. ptT ®C.), 
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whm M is the molecular weiglit, I Uie latent heal of vapori 7 .ation, 
and T the absolute temperature of Hie boiling-point, are roganiod 
as non-abS(K*:aled. Liquids which show considerable dejiarlure 
from tills rule (which, though introduced as an empirical relutioii. 
IS a simphhed form of an equation willi a thermodynamic basis) 
are believed to bo assr>ciatcd. Association is also indicated hv an 
abnormally liigh viscosity. The Ix^st criterion of this otfcct is the 
ratio uf the viscosity to the nioU'calar volume (the tormula weight 
divid(*<l by the density). 

Associuled liquids show 
valu(‘s of this ratio very 
much in excess (»{ tliasc 
lound for normal h<iuids. 

Association in litjuids 
ran now l>t' viewed from a 
new angle as the rt'sult of 
X rav analysis. The oxy- 
gen atoms in ice arc in 
tetrahedral ^-co-ordina- 
I i on very similar to that < >1 
cal boil atoms m diaminid. 

'riu’ ojienin^s tins 
packing airangemeiil is 
emphasized by a simple calculation. From our fairlv exact know¬ 
ledge of the dimensions and weight of the steam m<ileciil(‘ H^O W'e can 
easily Iind that wen* an assemblage of these imilecules close-jiackeil m 
I C.C., the weight vvi)uld Ih’ ncaily 2 gm.. wliile tlie actual specific 
gravity of ice is o*oiti. As in diamond, the open structure i^ con- 
ditiomd by dii‘ocle<i valencies, cxercisc‘d m a manner not yet fully 
understruxl, thrciugh the hydr^>geii atoms, one of which lies bc*tW(*en 
each ])air of oxygen atoms, and probably in the line of tlieir ceiilres. 
Such so-called ‘hydrogen bonds' up|>car to W not uncommon, 
cases being known in which not only pairs of oxygen atoms but two 
fluorine atoms, or nitn)gen anil fluorine (as in ammonium fluoride), 
or nit logon and oxygen ap|H*ar to be held together by such bon t Is. 
When ice rs inched the quite regular and com]dote bonding oiHTatmg 
throughout the ice cry'slaJ is bnikeu here and there, and a slightly 
denser packing, corresj'KUuUng to an increase of about lo |x*r cent in 
density, is achieved. As the alKive calculation slunved, if all or 
nearly all the oxygen-oxygen links were broken the increase of 
density would bo over ion per cent. As the liquid water is heated 
there ls probably a slight but progressive farther rupture of the 
bonds, but the high latent heal at the boiling-point imlicates that 
even at this temperature volalilizulion is far from a purely pli\sica! 
j>rocess. Above 4^ C. the thermal exi»ansion conceals the elicet of 
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the closer packing. It is clear that this picture does not pennit us 
to assume the water contains definite polymers (HjO)„, We should 
better regard water as essentially ice, in which a small proportion 
of the bonds are continually fractured and repaired at random 
points. We may legitimately expect a similar constitution in the 
alcohols and other liquids recognized as ' abnormal.* The con¬ 
ception of molecular weight is clearly meaningless when applied to 
ice, since throughout the crystal the bonding is uniform, and co¬ 
extensive with the crj'Stal. On the view put forward above the 
conception is also without meaning for liquid water. If (is now 
seems probable all liquids show structure in some degree, then we 
must modify the earlier attitude of regarding liquids as highly com¬ 
pressed gases based on the van dor WaaJs conception of the con¬ 
tinuity of the liquid and gaseous states. Such a view is probably 
correct only in the neighbourhood of the critical point. 

The P&rachor*—Numerous methods of estimating the molecular 
weight arc based on arbitrary formulae involving the surface 
tension, a property which is undoubtedly dostdy connected with 
the occurrence of association. These methods have not been 
uniformly successful, but in recent years there has become available 
a method which allows us to decide with some approach to wr- 
lainty whether a liquid is associated or not. In 1924 it was 
shown (i) that for a non-associated Ikpiid the value of the expres¬ 


sion 


M 

D-d 


. was a constant independent of the temperature [M is 


the molecular weight, D the denaty of the liquid, d that of the 
vapour, and y the surface tension); (2) that this constant was an 
ailditive function of fixed values which can be assigned to Cc'ich 
atom. Extra values must also be allowed for some special types 
of combination, such as double bonds or rings. 

This constant is called the parachor. It has been applied in 
both organic and inorganic chemistry in attacking questions of 
structure. Associated liquids show wide variations from the 
calculated values, but as with Trouton*s rule, quantitative deduc¬ 
tions cannot be drawn from these variations. 

The liquids winch by these tests are found to be associated 
include water, hydrogen peroxide, the alcohols, the fatty acids, 
the acid amides, hydrogen fluoride, and liquid ammonia. It is 
significant that all these liquids contain hydrogen, and in them 
‘ hydrogen bonds * may well be ojwrative, as mentioned above. 

Characteristics of Associated Liquids.—Meanwhile we may mention 
certain other characteristics of associated liquids which, while 
scarcely definite enough to serve as conclusive evidence of associa¬ 
tion. are of significance when the group is considered as a whole. 

I. Associated liquids are usually miscible in any proportion 
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with each other, but only in limited proportions with normal 
liqiads, while normal liquids are miscible with each other, but not 
with associated liquids. 

2. The physical properties of mixtures of associated liquids 
seldom vary in a linear manner between those of the constituents, 
whereas with normal liquids a nearly linear relation is usual. The 
reason for this is the effect which associated liquids have on each 
other's molecular constitution: the structures present in the pure 
liquids are to some extent broken down and new structures formed. 
The diagrams show the viscosities of typical pairs of associated 
and normal liquids: 



AshonatcU . Water and MeUiyl : Benzene and Carbon 

alcerbol tctracblor;dc 

Fig. 25. Viscosity of Mixed Liquids 


2;. A^sociaU'fl liquids have liigli dielectric constants.' The 
values lor a few typical liquids of cither class are: 


.‘I \soii4i(4J Nonn/il 


Water 



Caihon tctnu^ilurido 

•> 

. ^ 

Formic m ul 



Acetic anhydride . 

. 21 

Methyl uicikhol 

4 


I'cnzene 

. 2 

Acetamiilo . 

4 

. V» 

Kllicr . 

• 4 

Exceptions are. 
Acetic acid . 

however, found, 

. . 6 

c.g.: 

Nitrobenzene . 

• 30 


4. Associated liquids have the power of dissociating suitable 
solutes into ions (Chapter IV). 1 ‘hcre is no doubt that this is 

‘The dielectric constant or specific inductive capacity 0/ a substance is 
the ratio between the capacity of a condenser when that substance is used as 
dieiectric and the capacity when air is used as dielectric. 
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partly due to their high dielectric constant, which facilitates the 
separation of the ionic charges; but the residual affinity of the 
solvent molecules probably has some effect, since the forces W'hich 
cause tl)c molecules of the pure solvent to combine may be equally 
effective in combining them with the ions of the solute, thereby 
promoting the dissociation of the latter. 'I'hus slightly basic 
solvents promote the ionization of acids, and vice versa. 

The con*ect expresskm for the ionization of such a body as 
acetic acid in aqueous solution is not Cll^CO.M 9 ^CllCO./+U\ but 
CM;^C0aH+HaO^C:il3C0i'+H30\ 

5. Associated liquids have abnormally high boiling-p<unts. Since 
volatility is nearly always reduced by increase in the molecular 
coni])lcxity there is nothing surprising in this. The question 
utiethcr the boiling-point is abnormally high or not must bt* thicidod 
hy comparison with similar compounds. The c(»mi)anson of tlic 
boiling-point of water witlj tiiat of similar substances is instructive, 
'fhe thioethers, in winch the oxygen atom of the ether has been 
replaced by sulphur, l>oil about above the corresjH>ri(hng ether, 
Since hydrogen sulphide boils at -bi'' it is reasonable to suji|)0,se 
that water, if normal, should lK>il at •-120'^ or there¬ 

abouts; the true l)oiling-p>oint is no loss than a20® higher, and the 
difference is ascribed to association. 

Films of Polar Molecules.—This name has been ap])hcd to 
molecules in which nearly all the chemical activity is concent rat o<i 
at one end. The best-known examples of this class arc the fairy 
acids, which have tlie formula CH5.(CH2),j.COOH. While the 
lowest meml)ers of the series are liquid at the ordinary tcniperaturo 
the melting-point rises with molecular weight, and such a compound 
as palmitic acid, Cna.(CH2),4.COOH, melts at 63The higher 
members are practically insoluble in water, and a single droji of 
the molten acid placed on a water surface spreads out into a thin 
film. If the volume of the drop {or its wciglit and density) is 
known, the thickness of the film can be calculated from measurement 
of Its area; and this thickness is found to l)e little more than the 
length of a single molecule of the fatty acid, as calculaled from 
X-ray measurements. It is also interesting to comj^arc this 
result with measurements on the thickness of soap-fill ns. 'i'lie 
black or thinnest part oi these films, which appciu’S just before 
they burst (unless this is prevented by checking evaporation), is 
found to be just two molecules thick: there can be little doubt 
that in these films the COUH groups of the two molecules face 
inwards and are in contact, while the CH3 groups face outwards 
to the air. This suggests that in the films formed on water the 
COOH groups are ih. on the water surface and the CH^ groups 
all on the top of the film, and this has been proved by Adam and 
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others, using a modification ol tlie original oil-spreading method 
of Lonn Kayj.eigii. 

A shallow trough of distilled water is fitted wnth a movable 
strip sus]>endcd on the surface of the water by u rigid wire framework 
not shown in the diagram (which is a plan). By attaching weights 
to the iii3[XT part of this framework a known force can l>e applied 
to the strip in a direction causing it to move from right to left. 

The water surface is first fre^ed from floating imjmrities by 
drawing the edge of a piece of paper over it: a drop of a benzene 
solution containing a known weight of the fatty acid is then placed 
on the water in the left-hand part of the trough. The benzene 
cvapciratcs, and the resuUing film is comprt'sscd into the left-hand 
end of the trough by moving the strip. During this process the 
film tends to escape round tljc ends of the strip; this must be 
prevented by jets of air, as slirjwn in the diagram. A point is 



riftn 

I'lO 26, Kattv Acu> Pii.ms on Waii-k 


then re ached at which the film, which hasliilhcrtu rctjuiicd scarcely 
any force to drive it into the left-hand end of tJie trough, sudden I)* 
begins to display rigidity. 'I'he film has now attained an are.i 
iKWond which it cannot be compressed without coilapso. This 
area w'as found to he the same per nKilecule for all the fatty acids 
examined, aiul clearly coires{)omis with the area which the COOII 
group occupies on the surface of the water when the molecules 
are in contact with their axes parallel. The area is also m good 
iigmnncnt with X-ray crystal mcasurcmonls on the fatty acids. 
If the force is increased lH*ynnd that needed to keep the molecules 
ill contact, the him cnimph's an<l in p;irls lx:comcs more than one 
molecule thick. 

The ijiiestiun w'lielhet the (ally acid in the film is in the liqiii<l 
or the S(>Ik1 state is a mailer nicndy of definition. If lh(‘se films 
arc graduallv heated, a tcm|H.T;Uure is reached at winch a change 
takes place ;malogous to a change ol state: the mminium area of 
the film before crumpling smhlenly increases. If the temperature 
is increased still lurtlier the lihn continues lo exjKind slowly, and 
it is interesting to note that the coelhcient of expansion is now 
the same us that of a gas. .M these tempiTulures the mutual 
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attraction of the molecules is not suflicient to overcome the force 
of thermal agitation, which presumably takes place in two 
dimensions only. 
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CHAPTER III 


DYKAUICS OF CHEMICAL CHANGF. 

1 Effect of conditions on chemical cbongo—Lc Cbatcher’s Law—Ttoverstble 
reactions—The decomposition of hydrogen iodide—Ueacimti velocity—The 
Law of MasS'Action—Heterogeneous systems-**Kinetic order of reaction— 
Uniraolccular reactions—Pseudo-unimolccular reactions—Velocity equation 
fur a unixnolccolar reaction—Bimolcculor reactions—KapiJ consecutive 
reactions—Kfleet of pressure—Omcentration of the reactants—Inhibition 
of reactions—Reactions in tlie human body. 

Appendtx —Observations on a unmioleciiUr reliction. 

Effect of Conditions on Cbenucal Cbange.— All chemica] reactions, 
with the exception of the radioactive changes which will be dealt 
W'ith later (Chapter X), are influenced by the conditions under 
which they take place. In this chapter wc shall begin the div 
cussion by referring to the effects of temperature, pressure, and 
the concentrations of the reacting substances, and we shall 
subsc(]uently have to deal with the influence of light, various 
kinds of olcrtric current or discliarge, the presence or rigid exclusion 
of catalysts, and the nature of any surfaces in the reaction mixture, 
as well as with the energy relations that determine the course ul 
the reaction. 

In investigating a reaction we are concerned with the nature of 
the products, the relative quantities of each present when the 
ifaction is finished, the velocity with which they are formed, and 
the liberation or absorption of heat. All these may be, and usually 
are, affected by variation in the conditions specified in the previous 
paragraph, which must therefore be carefully controlled when 
measurements of any kind are to be made. We cannot begin 
belter than with Le Chatelier's Law, a principle of absolutely 
general application that often supplies the key to the behaviour 
of a system. 

Le Chatelier^s Law. —' If any change in the conditions of a system 
in equilibrium causes the equilibrium to be displaced the displace¬ 
ment will be in such a direction as to oppose the effect of the 
change.' 

Thv applications to changes ol temperature and j)rcs.sure are 
important and obvious. Consider the solubility of a substance 
such as potassium chloride which dissolves in water with absorption 
ol beat. In a saturated solution the solid is in equilibrium with 
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the soltition, that is, in any interval of time as much of the salt 
ihssolv’es iis is preeijntated. If now Jieat be supplied to the system 
the principle tells us that it will behave in such a way as to absorb 
it, that is, more potassium chloride will dissolve. This shows 
tliat the solubility of potassium chloride increases with the tem¬ 
perature, and tlie same reasoning can be applied to all substances 
wJiich absorb licat when they dissolve. From an observed increase 
in the solul)ility with tcinpoiature w'c can also deduce nn absorption 
(jf heat on solution, and vice versa, and in the same way it can be 
shown that heat must bo absorix'd in the fusion or evaporation of 
any substance. The application to changes o{ pressure is cquallv 
simple. Consider a mixture of ice and water at o” under atmo¬ 
spheric pressure. If now the pressure be incre.isod the system 
will change in such a way as to yield before the increaserl pressure 
by a reduction in volume, that is, the ice will melt, and to freeze 
it again under the new pressure it will be necessary to lower the 
temperiiturc. Otherwise expressed, the melting-point of icc is 
reduced by increasing pressure because a given weight of ice at 
0® occupies a greater volume than an equal woigiit of water at 
the same temperature. The reverse is true of most other substances, 
whose melting-points thus rise with increasing pressure. 

Reversible Beactions. —The linal result of many of the reactions 
witli which we are acquainted appears to be unaflected by variation 
in the conditions in whicli thev are carried out. They proceed 
more or less quickly to a definite end at which the whole of the 
reactants, excej^t any which may have been in excess, have been 
consumed, and only the products remain. Such actions arc called 
irreversible. Thus if a current of nitric oxide at room tcm|)crature 
is allowed to e.scape into the air, the whole of the gas combines 
with atmospheric oxygen to form nitrogen * peroxiile/ 

2NO+02-^N,04. 

Careful analysis will show that the resulting mixture contain^ no 
detectable quantity of the lower oxide. On the otlier hand, reactions 
arc known wliicli when once .starte<l proceed with a gradually de¬ 
creasing velocity and finally appear to come to an end, not when the 
w'hole of the reactants have Ix^en decompiled, but at an in ter¬ 
mer hate stage at which some of the reactants are still present togetlier 
with tlie products. If now in another experiment the pure products 
in equal quantity arc allowed to react, the change will proceed 
backwards until the same intermediate stage is reached. The 
reaction is in fact reversible. Under given conditions of temper.ature 
and pressure, the final stage will the same whether we start 
with the original reactants or with the products in quantity equi¬ 
valent to them. At this stage no reaction in either direction cun 



DYNAMICS OF CHEMICAL CHANGE iii 

be detected and the system is iu equilibrium, but it is more natural 
to suppose that both reactions are proceeding witii equal and 
opposite velocities, that is, that the system is in dynamic rather 
than static equilibrium, 'llic velocity of the change in either 
direction under given conditions can usmdly be calculated, and 
the advantage of the idea of dynamic equilibrium is that it shows 
the connection l>et\vecn reaction velocity and the stage at which 
equilibrium is reached. 

Closer examination of many apparently irreversible reactions will 
show that they only apix^ar to Ix! so because under the chosen con¬ 
ditions the equilibrium lies so far on one side as to be indistinguisliable 
from completion of the reaction. To take the case quoted above, 
we have only to heat nitn^en jjeroxidc to, say, 700® for the back 
reaction to take place, and at about 1200® the decomposition of 
the peroxide into nitric oxide and oxygen app>ears itself to be 
complete and irreversible. At intermediate temperatures per¬ 
ceptible quantities of both reactants and products arc present 
nt equilibrium. When wc say, therefore, that a reaction is irre¬ 
versible we mean nothing more than that under the chosen con¬ 
ditions the reactants are at equilibrium present in such small 
concentration as to escape detection. 

The Decompositioii of Hydrogen Iodide.—As an example of a 
reversible reaction consider the dissociation of gaseous hydrogen 
iodide into hydrogen and iodine: 

2HI^H,+ 4 

If heated to c.g. 350® in a const ant-temperature air-bath, hydrogen 
iodide will decompose in agreement with the equation and with 
gradually decreasing velocity, but when the reaction appears to 
have come to an end there will still he found hydrogen iodide in 
the bulb, in addition to hydrogen and gaseous iodine. If equi- 
molecular quantities of hydrogen and iodine in total weight equal to 
that of the hydrogen iodide tal.cn in the first experiment be now 
heated to thib temperature, they will combine with gradually de¬ 
creasing velocity until an enjuilibrium state is reached which will be 
absolutely identical with the lir^t. This reversibility of the reaction 
is expressc'd by the arrows of the equation. If a mixture of 
hydrogen, iodine, and hydrogen iodide in the proportions of the 
ecjuilibrium mixture be heated to 350® no change in composition will 
take place, but if any other mixture containing equimolecnlar 
quantities of hydrogen and iodine, together with hydrogen iodide, 
be honied to this temperature, a reaction will take place until the 
equihlirium proportion is reached. 

Reaction Velocity.—We now have to consider the velocity with 
which the forward and back reactions proceed. Before a hydrogen 
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molecule can combine with an iodine molecule it must come in 
contact with it by collision. The probability that in a short 
interval of time a given hydrogen molecule will collide with an 
iodine molecule will obviously be proportional to the number 
of iodine molecules in its neighbourho<xl, that is, to the number of 
iodine molecules per cubic centimetre, and wiU in fact be propor¬ 
tional to the concentration of iodine. Of a thousand hydrogen 
molecules the number which will combine per second is therefore 
proportional to the iodine concentration. The total number of 
molecular combinations that take place per second is therefore 
also proportional to the number of hydrogen molecules per cubic 
centimetre, that is. to the concentration of the hydrogen. If the 
total amount of hydrogen and iodine present at a given moment is 
a and b gram-molecules respectively, and the volume of the reaction 
vessel is V cubic centimetres, the velocity of combination, which 
represents the rate at which hydrogen iodide is formed, is 

a 


where is a constant. 


Now let 



be the concentration of hydrogen 


iodide at any moment m gram-molecules per cubic centimetre. 
Then the velocity with which the hydrogen iodide will decompose 
is proportional to the number of collisions per second bctwecjj 
two hydrogen iodide molecules, which is, as before, 



where is a constant. When the reaction has reached equilibrium 
the rate at which hydrogen iodide is formed must be equal to the 
rate at which it decomposes; hence, at equilibrium: 




a. bj 

V'V 


or 


'i 

y. 


k 

where K is a constant called the equilibrium 


constant> The suffix ^ denotes the amount present at equilibrium. 
Equations of this kind are often written in the form: 

[HJ 

[HI]* “ * 

where the square brackets indicate concentration, or, in the case 
of gases, pressure. 



DYNAMICS OF CHEMICAL CHANGE 113 

It will be noticed that the expression for the equilibrium constant 
/f has been brought into harmony with the chemical equation 

2H1^H,+ I, (a) 

by the assumption that hydrogen iodide decomposes and hydrogen 
reacts with iodine only as the result of collisions between paurs of 
molecules, 'fhat such is the mode of action in the dissociation and 
formation of hydrogen halides is by no means immediately obvious, 
for wc could imagine at least one alternative mode, such as 
(I) HX^H+X: (2) H+HX^Hj+X; (3) 2X^^X*. where X 
represents the halogen, The iinal effect of 111 is succession of changes 
is of course identical with that of the single equation (<i), and it can 
easily bo shown that the alternative scheme will not affect the 
expression for K. For the three equilibria (i), {2), and (3) we 
may wiite: 

LH][X]/[HX]«^/v,. [HJ [X]/[H] [irX]*AV [XJ/[X]»-AV 
and we see that [Xjl/lIX]*-A'. 

Nevertheless the modes of reaction diffiir radically when considered 
as chemical prfices.ses, and only experimental study can <iccide 
between them. It may be mentioned that (a) is found to be a true 
representation for hydrogen, kxHac, and hydrogen iodide, but for 
hydrogen, bromine, and hydrogen bromide there is evidence that 
the mode of reaction is by way of such a succession of changes as 
(I), (2), ami (3). 

The Law of Mass-Action.- The relation that we have above 
deduced is a special case of what is called the Law of Mass-Action. 
Gtfi.Diii'UG ;uid VVaage in 1S04-7 developed by experimerital studies 
tlie priru iplc that the rate at which a suOsfance reacts ts proporlioiuil 
hi its actnr muss, by wliich is to bo undorsbxxl its molecular con¬ 
cent rat ion. The kernel of the theory is the idea ot dynamic 
equilibrium, which is indcctl rath'T more than a convenient figniojit. 
For if hydrogen and HKliiie molecules—or a fixed proportion of 
tlKTii—C(jmbiur when they collide, there is no reason to suj)pose 
that they wdi suddenly cease to do when an equilibrium con- 
cent ration of hydre^en iodide has lH*en formed, nor is it probable 
that the <lpcoin|*x>sition of h3^drogen iodide molecules is arrested by 
the presence of a certain concentration of hydrogen and io<line. 

The considfTations of the preceding paragraph encourage us to 
assume that the law of equiliUiium will iiut dvjieiKl on the actual 
chemical processes by which equilibrium is attained, and to generalize 
our results. If n molecules of A react with in molecules of B, etc., 
in accordance with the equation 

nA~\-inK+pC+ . . . . . . 
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at equilibrium the expression 


M [B CT 

[LJ- m- [NJ* 


(or its reciprocal) 


will be a constant. Tliough the derivation was from a gas reaction, 
the law can equally well be applied to reactions that take place 
la solution. Nor is it confined to homogeneous reactions, by which 
is meant reactions which take pkice entirely in one phase, though 
a little further evplanation is required before it can be applied to 
heterogeneou.s systems. Toitunately this law of mass action does 
not ultimately rest on our not wholly convincing argument based 
upon reaction vekKitics. It ain l>c derived in tlie above form in¬ 
dependently by the methods of thermodynamics, of which science 
the characteristic feature is that the results of its applications are 
independent of mechanism, provided this sjitisfioh certain general 
requirements, such as jKTfect reversibility. An alternative de¬ 
scription of the law of mass-action is the law of mobile equilibrium. 
This phrase emphasizes a fumlamental feature of the law, for one 
or more of tlie concentrations in tlie numeratoi or denominator of 
the expression for K may Ik arbitrarily cliangcd; tlien, provided 
the temperature is unchanged, tlic aunaining concentrations will 
adjust themselves till the original value of K is restored. K itself 
can only be changed by a change of temperature. 

Heterogeneous Systems.— Consider the decomposition of calcium 
carbonate into quicklime and carlion dioxide: 


CaCOjv^CaO-1 CO,. 


The reaction is reversible, but how can wc s|>eak of the concentra¬ 
tion in the gas phase of a non-volatile substance such us calcium 
oxide? There is, in fact, no need to measure it, even if it could 
be measured, and it is necessary merely to note that it represents 
the vapour pressure of the oxide at the given temperature. Every 
substance, however far Ixjiow its boiling-point, has some vapour 
pressure, and this pressure is independent of the weight of substance 
present, so long as some remains at equilibrium. The active 
mass of solids in the gaseous phase under given conditions of 
temperature and pressure is therefore a constant, and sucli an 
equation as 

_ ™ 

LCuCOJ 

a conclusion which can readily be verified by experiment. If 
calcium carbonate l>e heated to a constant temperature in a closed 
evacuated vessel, it will decompose until the pressure of carbon 
dioxide reaches a fixed value depending on the temperature but 


conslanl (/f,) becomes [C02i~constant (/Cj), 
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independent of the size of the vessel or the weight of calcium 
carbonate, provided that there is enough of the solid originally 
present for some to remain undecomposed at equilibrium. If the 
carbon dioxide is puni)>ed away or allowed to escape from the 
vessel, the carbonate will continue to decompose till none remains; 
if, however, carbon dioxide at higher pressure is forced into the 
vessel, some of the gas will combine with the calcium oxide until 
the pressure has been restored to its equilibrium value. 

The constancy of the active mass of a solid in the gas phase can 
be extended to the liquid phase, and is in fact only another way 
of stating the well-known phenomenon of valuta Hon. If, for 
example, sugar and water are shaken up together at a fixed tem¬ 
perature, and there is not enough water to dissfdvc all the stigar, 
a point will be reached when no more sugar will dissolve. Tlie 
solution is now saturated with sugar, whose active mass and 
concentration arc constant and i<lentical, for it is found that at a 
fixed temperature one cubic centimetre of a saturated aqueous 
solution of sugar always contains the same weight of sugar. 'I'his 
side of the question will l>c very im|K)rtant when wc come to discuss 
the conditions under which substances can be precipitated from 
solution. 

Kinetic Order of Reaction.—Wc have seen that the equilibrium 
constant K can be regarded as the ratio of the velocity constants 
and (or tlie buckw'ard and forward I'eactions respectively: 

This rclsition, however, affords no information concerning the in¬ 
dividual values of cither Aj or Ay, Nor can wc assume that for a 
reaction slated as 

«A +niB + /C-^products 

the reaction velocity found in experiment will agi*ee with such un 
expression as 

Knte^ALA]«[r>]*[C]^ 

\\\‘ arc again faced with the qiie>tion of mechanism of reaction 
already touched on above. Consider the reaction in aqueous 
solution between hydrogen jK^roxidc and Lydriodic acid, cxprcssc^d 
by the equation 

2in-^ ILOa^^H.OH ly (i) 

FA'poriment proves conclusively that the rate of production uf iodine 
IS accurately given by the equation 

Ratc=A[Hr] [ILOJ {2) 

while a naTvc intcrpretati<»n of equation (i) might suggest 

Katc=A[IlIjnHA) (3) 
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Detailed investigation shows that the changes actually occurring 
are as follows: 

HI+HjOj^HIO+HjO (a) 

HI 0 +HI=I,+H ,0 (b) 

the stage (a) being very much slower than the stage (6). In these 
circumstances we see that the over-all rate of the reaction will be 
governed almost exclusively by (a), and equation (2) is explained, 
and equation (3) rejected. It may easily be understood why the 
reaction does not pursue the course indicated by the single equation 

(1). T})is mode of reaction would require the simultaneous collision 
of three molecules, an event enormously less frequent than a 
binary collision. 

In general for a reaction expressed stoichiometrically by the 
equation 

« A+wiB =• products, 

we find for the rate of reaction (by observing how the rate depends 
on concentration) 

K.itrT.AfA]«[U]\ 

wliere a and h are commonly but not necessarily integers, winch 
may have I he values, 2,1, or 0. TIjc sum a+b only rarely exceeds 2. 
If an index is zero it of course means that the concent ration 
concerned is effectively constant during the rcactif>ii. This may 
conic about in various ways, for example: 

(1) The reagent is present in great excess (p. 118); 

(2) The reagent is present as a solid, giving constant vaixmr 
pressure, or a fixed concentration in (saturate<l) solution (p* 114); 

(3) The reagent is u cainlysl (p. J13). 

The sum u l b is termed the Mai kinetic order of the reaction, 
while a single index such as a is called the order in re^pcit to A, etc. 
While in a number of simple reactions it may emerge from experi¬ 
mental study that n~a, and m=b, it must strongly enqdiasi/.ed 
that in general the kinetic order cannot be deduced from the ordijiary 
sfoichiometrical equation, but mast be .sought in ox]>crinienls 
designed to reveal it. Not infrequently it may be finmd that one 
or more of the products may adversely affect the progress of the 
forward reaction {see p. 217). The concentration c»{ such an 
‘ inhibitor 'will appear in the exj)rcssion for the rate with a nc^alire 
index, i,e. in the denominator: 

Rate-k[A]^[B]V[PI^ 

Some confusion exists in the terminology of this subject. Re¬ 
ferring again to the reaction 

2HI+HA=2H,Of I, 
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we might logically use the description icrmolecular, since clearly 
three molecules are involved in the complete reaction. On tl)e 
other hand, as wc have seen, the total order is only two, and on this 
account the descriptifm bimoUxidaf is often preferred, thougli 
somewhat illogically. The need for a clear distinction between 
kinetic order and the total number of reacting molecules was 
shar{H‘ned by the discovery of true unimolecular reactions, of the 
type A*.products. Before tliis it was customary to use ‘ uni- 
molecular * as synonymous with first kinetic order, even in cas(?s 
where it was ([uite clear that more than one species participated, in 
a reaction wherein only one concentration changed. This latter 
type of reaction is now often tenned ‘ pscudo-mrimolccular/ 

UnimoleoiUr Reactioiu. —Unimolecular reactions are much less 
common than miglit be expected. Until 1925 only one homo¬ 
geneous unimolecular gas reaction was known, the decomposition 
of nitrogen pentoxide in accordance with the equations: 

na^na+0, 

NjO^^NOrNO, 

NO-I NA-^ 3 N 0 ,. 

The last two reactions are incomparably faster than the first, which 
therefore determines the rate of the whole series. 

This is another example of a phenomenon already mentioned 
above, the only velocity we are usually able to measure being the 
slowest of a series, and changes that take place comparatively 
rapidly will elude our obscrv'ation. 

When a quantitative study of the rate of decomposition of 
nitrogen pentoxide is made at a constant temperature, it is found 
that in unit time, say a second, a fixed proportion of the total weight 
of nitrogen pentoxide present at that moment suffers decomposi¬ 
tion. When one-haif of it has decomposed the rate of reaction has 
only half the value it had at the beginning of the change, and the 
reaction velocity gradually decreases until it becomes altogether 
iniperceptible and no more pentoxide remains. The fraction of 
the total weight transformed per second is independent of the 
pressure or concentration of the gas, and if at any time during the 
change the gas is compressed or allowed to expand, the rate of 
formation of the products in griuns per second is quite unaffecte<l. 
Nor Is the velocity affected by diluting the gas with nitrogen or 
argon. Indeed, so little does the tendency to decomposition of 
a nitrogen pentoxide molecule appear to depend on its surroundings 
that when the gas is dissolved in organic solvents the rate of 
decomposition is approximately the same. 

At this point it will be as well to clear up a possible misunder¬ 
standing of the statement that the reaction velocity is independent 
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of the concentration. If the same weight of pent oxide is dissolved 
in various volumes of, say, carbon tetrachloride the products will be 
formed in each sr»lution at <in equal rate in grams per second. 
On the other liand, if various weights of nitrogen pent oxide are 
dissolved in equal volumes of carlKjn tctrachlonclc tlio rate of 
formation of the products in grams per second will not be the same 
in each solution, but will be proportioniU to the original concentra¬ 
tion of each solution. The difference is only a matter words, 
but it sometimes causes confusion. If at any time x gram-molecules 
of nitrogen pentoxide arc present in 1' molecules of solvent, the rate 
of decomposition is, by tlic principle of mass-action, given by 


but this equation is clearly equivalent to 

_d.r 
iU 

(Sce/urlltcr, p. 119). 

In recent j^ears a number of iKunogcneous first-order gas reactions 
have been investigated, notably by Hinshclwood and his collabora¬ 
tors. The majority consist ot the decomposition of a comparatively 
complex organic molecule, c.g. diethyl ether, acetone, or aldehydes, 
but none shows the simplicity of the decomposition of nitrogen 
pentoxide, which at present stands alone in this respect, Uni- 
molccular gas reactions will be further considered in Chapter VI1 
in connection with the energy-changes involved. 

Fseudo-unimolccular Beactions*— Though not unknoivn, hotno 
genoous unimolccular reactions are likewise uncommon in the 
liquid phase. Many apparently unimolecular reactions appear to 
be so only because all the reactants except one are present in large 
excess. Thus if hydrogen peroxide is added to a large excess of 
acidified potassium iodide the following reaction takes place: 

HoOJ 2KI+2Ha ^2Ka 1-2H,0+I2, 

and the progress of the change can l>e followed by estimating at 
intervals the iodine liberated. This was one of the first reactions 
whose velocity was accurately measured (Harcourt and Esson, 
1866). Under the conditions named the reaction appears to lie 
unimolecular, but this is only because the active masses of the 
iodide and acid are so large when compared with the active mass of 
the peroxide that they can be regarded as constant thrtjughout the 
experiment; the order in resjject to these reagents is zero. If one 
of the reactants of a bimolecular reliction is in largo excess, the 
reaction will for this reason appear to be unimolecular. This is a 
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common feature of reactions in fairly dilute aqueous solution in 
which the water itself plays a part» that is, in hydrolyses, 'l ake 
as an example the hydrol3'sis of an ester such as ethyl acetate: 

CH^.COOCAl^+M^Of^CH^.COOll^C2tli.OH 

Under the conditions in winch the measurements are usually 
carried out there is twenty or thirty times as much water as ester 
in the mixture, and the active mass of the water suffers no appro* 
ciabl(; \’ariation throughout the exi)erimcnt. The early stages of 
the liydrolysis, before the back reaction begins to make itself felt, 
are tlierefore unimolecular, or appear to be so. The back reaction 
is bimolecular, and the change proceeds until the expression 


iCir,.COOH] (C,H*.OH] 
[cii,.c6oc^H^] 


attains a definite constant value. This cquiHl)rium value will be 
the same w’hether we start with ester and water or w:th a dilute 
solution of ester, acid, and alcohol in any proportions, provided 
always tliat the water is present in large excess. 

Velocity Equation for a Unimolecalu Reaction* —The course of 
n unimolecular reaction lends itself very readily to mathematical 
c.xprcssjon. ('on^ider the dccomjwition 0/ nitrogen pentoxide. 
Let a be the weight of pentoxide originally present, and x the weight 
present after a time t measured from the beginning of the reaction. 

Then the rate of reaction is — 

d/ 


(the negative sign means that x 


ilccrcases with time), and as w'e find it to be proportional to x, 
we may put: 



where A is a constant. Hence: 

— ^=A.d^, or Af=—logeX+integration-const ant. 

To find the integration-constant we remember that at the beginning 
of the reaction t was 0 and x was equal to a. The integration- 
constant is found by substituting these values in the equation, 
and is equal to loge^. so that: 

—logeX —loge^. 


This exponential relation is t)q>ical of unimolecular reaction.^. An 
example of the application of this equation to a series of obser¬ 
vations will be found in the Appendix to this chapter. Note that 
when X is zero ( is infinite* so that no unimolecular reaction ever 



120 THEORETICAL AND INORGANIC CHEMISTRY 


comes to an end, but in practice a time can always be found after 
which the remaining reactant is present in such minute quantity 
as to be undetectable. It is, however, important to remember 
that there is no definite time after which the reaction is finished. 
If it l)e desired to c.\press the reaction velocity in some such way, 
the ' halWife period * is calculated. Tliis is the time at which one- 
half of the reactant originally present has been decomposed, and is 
a perfectly definite quantity. 


At this point 



and 


Af=1ogc2, 


so that 



The half-life period is therefore inversely proportional to the 
velocity-comstant A. It should be rememlx.Tcd that the uni- 
molecular reaction-velocity equation, in agreement with experience, 
contains no term referring to concentration. 

Bixnolecular Reactions.—Homogeneous reactions arc in large 
majority bimolecular. It appears tliat most reactions are brought 
about by the collision of two molecules, and as previously suggested 
the predominance of bimolecular reactions over those of higher 
order is due to the relative improbablility of three or more mole¬ 
cules coming into contact at the same time. As an example of 
a bimolecular reaction we may take the decomposition of nitrous 

2N,o-.2N,h 0,. 


If nitrous oxide be confined at a high but constant temperature 
in a vessel fitted with a manometer, the pnt.ssure will be observed 
gradually to rise until it attains a value 50 per cent greater than 
its initial value. At this point the reaction is complete, since the 
number of molecules in the system is 50 per cent greater at the 
end than at the beginning. The rate at which the pressure in¬ 
creases is a measure of the rate at which the nitrous oxide 
decomposes. Let x be the fraction decomposed at a time t measured 
from the beginning of the reaction, and let the pressure at this 
moment be j>, while po was the pressure at the beginning of the 
reaction. Then: 


p n umber of molecules present at time t _ (2 —s.vj -|- 3,^ _ 
po^number of molecules present at beginnmg 2 




X 

2 


Hence x—2(^ — i), 

p> 


cl/> 


If now the pressure be plotted against the time. can be 
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measured for various values of p and L and ^ can be calculated 


from it by the relation: 


dx^Ap 2 dp 
di dl di 


This gives us the rate of decomposition at anv moment, and we 
can see how it varies with x. If the decomposition is bimolccular: 


dx 

di 


—*.(I—Aj)*, 


and it is found that this equation docs truly express the rate of 
change. When different numbers of molecules appear on either 
side of a gas reaction its course can be most easily followed by 
noting the rate of change of the pressure. When this is not so, 
as for instance in the reaction: 


CO,+ Hj^CO+HA 

the velocity must usually b<* determined by analysis at fixed 
intervals. 

As an example of a homogeneous gaseous tcrmolccular reaction 
we may quote the formation of nitrogen dioxide from nitric oxide 
and oxygen: 

2 N0+0,-^2N0 j. 

The rate of formation of nitrogen dioxide at any moment is given 
by the equation: 


Rapid Consecutive Reactions.—An interesting reaction taking 
place in solution is that usually written: 

HSCN + 3 HA ^ HCN + IIjSO^ + HA 

tliiocyaoic hv<ln)cyaiiic 

acid acid 

It might be supposed that this reaction is <|uadrimolecular. The 
velocity is, however, found to be proportional to 

lllSCN] 

bo that the reaction wdneh clctemiiiies the velocity appears to be: 

HSCNq 2HA“^HCN-h2Hi0+S02. 

The sulphur dioxide would then be oxidized by a fuJther molecule 
of hydrogen peroxide: 

S0,+ HA“>HjS 04 . 

This second change has iicen .shown bv experiment to be much more 
rapid than the first, and has no effect on the observed velocity ol 
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the total change, which is therefore termolecular. This again illus¬ 
trates the difference that may be found between the observed order 
of a reaction and tlie order suggested by tlje equation. Reactions 
of liigher order tfian the third are very rare. 

Wlicn the results of an investigation of reaction velocity show 
the reaction to follr)w a course other than that retjuired by the 
ordinary equation, it is usually easy to devise a scries of reactions 
to fit the observed facts. But in so doing caution must be exercised, 
and it must be shown that reactions sup{x>sed to take place rapidly 
actually do so in fact. Hypothetical intermediate jjroducts sl^ould 
if possible be isohited and their reactions studied. In the tlnocyanic 
acid oxidation which has just I>ccn mentioned these precautions 
have been observed, and experiment shows tluit sulphur dioxide 
really is rapidly oxidized to sulphuric acid by hydrogen j>eT oxide. 
Neglect of such precautions has led to much faulty theorizing. 

Effect of Pressure. —At this stage it will be as well to consider 
in general terms the effect on the equilibrium of changes of pressure 
or volume. Let a g;iseous system be in equilibrium, and let the 
pressure on it be increased. Then we know from Lc ('hatelier’s 
principle that the equilibrium will, if possible, shift in .such a way as 
CO oppose the increase of j>rcssure. To see how this comes ai)uut let 
us consider the gaseous system 

2N0j^2N0H-0s. 

formed from pure NO.^ at a constant temperature, and under a total 
pressure P. Then if and are resj)ectively the partial pressures 
of nitrogen dioxide and oxygen, the partial pressure of nitric oxide 
is 2 p 2 ’ Hence p]'i- Since, by Boyle's law, the concentra¬ 
tion of a gas, ill gram-molecules per c.c., is proportional tu its partial 
pressure, the existence of equilibrium requires, by the law of mass- 
action (p. I13), 

Let the total volume of the system be now halved by a sufficient 
increase in the total pressure. If no chemical change occurred the 
required pressure is, by Boyle's law, equal to 2P, and since all 
partial pressures would be doubled, the equilibrium would require 

Rut K must remain unchanged since the temperature is constant. 
Hence a chemical change must take place, reducing K‘ to K, i.e. 
in creasing p^ at the ex]>ense of p^, wliicli means the /onnation of 
nitrogen dioxide from nitric oxide and oxygen. Since this change 
reduces the total number of molecules in the system, the actual 
pressure will sink below 2P. Le Chatelier's principle is thus 
operative, to annul partially the increase of pressure expected by 
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Boyle's law to achieve a given decrease of volume. The effect of 
an increase of pressure on a gaseous s^^tem in equilibrium is thus 
in general to cause, if possible, a shift of the composition of the 
gaseous mixture towards one occupying a lesser volume, or, more 
simply expressed, a reduction in the total nunil>cr of molecules in 
the system. Decrease of pressure has the opposite effect. 

In gas reactions in which equal numbers of molecules a])i‘)ear on 
each side of the equation, alterations of pressure have no effect on 
the equilibrium. An example is furnished by the decomposition 
of hydrogen iodide, and we have already seen that the equilibrium 
e<juation nee<l contain only the weights of reactant and products, 
since V can l>e cancelUnl in the final expression. 

The effect of <ilterations of pressure can !)e <iuantitative)y deduced 
from the equilibrium equation, since the equilibrium constant A', 
though dependent on tcnii^eraturc, is imiependent of the pressure, 
The technically very imi>ortant synthesis of ammonia will serve 
as an exam))le. At a given temperature let the partial pressures of 
nitrogen, hydrogen, and uininonia at equilibrium be b^J, and 
Tlien 

f* 

2 -n. 

Now let the pressure on the system be doubled. To simplify the 
calculation let us assume, as is alwajs the case in technical 
practice, that the partial pressure of ammonia is small com¬ 
pared with the partial pressures of the nitrogen and hydrogen. 
Then when the total pressure is doubled the partial pressures of 
nitrogen and )iy<lrogen at equilibrium (we will call the new equili¬ 
brium partial pressures /q, aud Cj) will also be approximately 
doubled, since we can neglect the decrease due to the formation 
of more ammonia. Then: 





if.yvV_i<.7vfo*_ 
K - 


c,-4Co. 


We see that the partial pressure of ammonia has been cjuadniplecl 
by the increase (yi pressure, while the partial pressure of the reactants 
has only been doubJetl. llie fractional yields of ammonia from 

nitrogen arc equal to ® and and since Cj=4C^ and aj=2a(, 

the second fractional yield is twice the first. By doubling the 
pressure we have therefore doubled the fractional yield uf ammonia, 
and it can easily be shown that if the fractional yield of ammonia 
is small it is directly proportional to the total pressure on the 
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system. The commercial s5mthesis of ammonia is in fact only 
made possible by the use of very high pressures, as we shall see 
when we come lo discuss the process in detail (p. 388). 

Concentration of the BeacUmts.—When a reaction is being carried 
out with the object of securing the product in maximum yield, 
there must be chosen not only the best temperature and pressure 
but also the most suitable proportion between the reactants. In 
a reversible reaction the best yield from all the reactants is always 
obtained from the mixture in equivalent proportions. Thus in 
the synthesis of ammonia both nitrogen and hydrogen have to be 
artificially prepared, and economical working requires that they 
should be mixed in the projKution of one volume of nitrogen to 
three of hydrogen. As is common in industrial practice, the 
gases arc not allowed to reach a stage of approximate equilibrium, 
since this would take inconveniently long. The mixed gases are 
therefore allowed to leave the reaction chamber before the equili¬ 
brium concentration of ammonia has been reached, and the ammonia 
is removed at a lower temperature. The remaining nitrogen and 
hydrogen, which are still in the correct proportions, are then mixed 
with fresh gas and again passed through the reaction chamber, 
and so the cycle goes on. By the removal of one of the products 
a reversible reaction can be made to go to completion, but if the 
yield of each operation is very small the process may become too 
slow to be economic. 

In reactions where one reactant, such as water or air, is very 
much more abundant than the othen;, the best yield from the 
practical point of view is usually obtained by having this reactant 
present in excess. Consider as an example the oxidation of sulphur 
dioxide by atmospheric oxygen in the contact process for tlio 
manufacture of sulphuric acid: 

250^4-O^^aSOa. 

The action is reversible and it can Iw shot^Ti from Le Chatclier's 
principle or from the equilibrium equation that the fonnation of 
the trioxidc is favoured by high pressure. It can likewise be sliowu 
that at a given temperature and total pressure the percentage 
yield of suij^hur trioxide can be indefinitely improved by increasing 
the partial pressure of oxygen as compared with the partial pressure 
of sulphur dioxide in the reaction mixture. From the point of 
view of economy the percentile conversion is the important factor, 
since the sulphur dioxide must be obtained by burning sulphur or 
sulphur-containing materials, while the air costs nothing. On the 
other hand, if the air is in very large excess, time and energy will 
be expended in pumping through the system a gaseous mixture 
containing only a small fraction of sulphur dioxide. An intermediate 
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proportion must therefore be chosen which approximately satisfies 
both conditions. 

Inhibition of Beactions.—An interesting example of inhibition, and 
of the type of explanation that may be advanced, can be found in the 
very important reaction occurring in the nitration of aromatic hydro¬ 
carbons. In the case of the nitration of benz^ene, C<H«, the net re¬ 
action can be written in the equation CeHj+HNO»—CeH^NOj+HgO, 
but abundant experimental evidence has accumulated that the 
actual nitrating agent is not molecular nitric acid but the so-called 
nitronium ion (NOj)*** derived from it. When the acid is concen¬ 
trated or is dissolved in organic solvents it undergoes an unexpected 
form of ionuation, according to the equations: 

HNOj^NOj+H-OH- 

HNO,+OH-^HjO+NO,-, 

which may be summed in the form 

2HN0s^N0,++N0r+H,0 

It is thought that this equilibrium is rapidly established, but the 
ensuing reaction between the hydrocarbon and the nitrating agent 
is relatively slow; the rate of this reaction is determined, for a given 
concentration of hydrocarbon, by the concentration of the cation 
NOj+. It is however readily seen that the addition of nitrates, i.e. 
NOj" ion, to the reaction mixture, must, by driving the equilibrium 
in which it is present to the left, adversely aflect the concentration of 
the cation NO,*. It is found, in complete accordance with this 
theory, that the rate of nitration by nitric acid in organic solvents 
is inversely proportional to the concentration of nitrate ion. 

The reader will perhaps be interested to deduce, on the lines of the 
above argument, from equation (a) on p. 113 the known fact that 
the product hydrogen bromide restrains the rate of its formation 
from molecular hydrogen and bromine, and to convince himself that 
no such restraint will operate on the combination of hydrogen and 
iodine. 

Reactions in the Human Body.—Health depends on the delicate 
balance between numerous reactions wbid) take place in the human 
body, and to preserve tliis balance a constant temperature is 
necessary. The body is a highly efficient thermostat, operating 
with a normal variation of less than half a Centigrade degree over 
a range of conditions which few artificial thermostats are required 
to suffer. Heat is supplied by oxidation processes, and is dissipated 
by evaporation from the skin. The rate of cooling can be increased 
if necessary by perspiration, but if the atmosphere is nearly 
saturated with water the process is not very effective, as evaporation 
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takes place very slowly in these coii<IitioiiS- This is why a hot, 
huTFiicl climate is so cliihcult to bear. 

If tl)e thermostatic arrangements fail, the chemical equilibria m 
the body arc distilrl>ed and the patient becomes ill. 
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Observations on a Unimolecular ReacUon.—In tlic presence of an 
excess of a stnni;; acid, bromine water reacts with formic acid accordi)ig 
to the equation: 

BrH H.COOII -aHBr I CO,f . 

If the formic acid is in hiTRe excess in comp.inson with the broniin<\ 
the reaction appears to l>e uniinolrciilar. 

In the following experiment a solution of sod mm formnto mid 
hydrochloric acid was mixc«I with dilute bromine-water. Pel on* and 



Fig. 27. CouasE of a Ukimolecvlak Rkaction 


after mixing, the solutions were kept in a thermo.stat at 18®. The 
initial conccntratiojis of the mixture were: sodium funnatc, 0 2 molar; 
hydrochloric acid. 3 m<jlar; bromine -0034 molar (i.c. 00.14 gram- 

molecules of Br, j)or litre). Tlie initi«U volume of the mixture was 
500 C.C., and at ten-minute intervals from the time of mixing (at uhich 
r«o}, 50 c.c. portions were withdrawn and analysed for free bnunine 
by addition to excess of potassium iodidi^ solution followed by tilratiou 
against sodium thiosulphate. The tabic shows the results obtained: 




DYNAMICS OF CHEMICAL CHANGE 

127 

ime 

in Minutes 

Bromine Conceniration 

. *0034 , 

log,, -’1- fc: 

I , -OOl.l 



(grani-n)oleciiles i>cr litre) 

X 


t 

X 




0 

0'003.^o 

0 



(1^ 

0*00^07 

0*0587 

00050! 


JO 

0 00241 

o*]4<)8 

0 C075 


30 

0*00107 

0 ajejS 

ooo7i> 


40 

O’OOIOO 

0 ill 4 

0 0078 


fjO 

0 00139 

0 38H5 

0 007S 


00 

O'OOI 14 

04740 

O'O ‘.)70 


70 

0'0009^> 

0*54 g2 

0*0078 


80 

0 o<*075 

0 0504 

0*iH)82 


00 

0 ' 000(»5 

0*7186 

0*0080 


100 

000053 

08072 

0 0081 

It 

IS obvious 

that the value of k is 

approximately constant. In 


the difignim (Pig. 27) the brotninc concen trail on is plotted against the 
time. Since the ro.iction never comes completely to an end, the curve 
IS asymptotic to the axis of time. 
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Minshelwooo: June lies vj Chcnucal Ckanf^e ut Gaseous Systems. 

K twites of Chemical Chan fie (19.^0). 
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illK NATURE OF SOLUTION 

S(’luti«ns—Solubility* -EJiect ot tciMjwrnlurc—nydcatw-Solubility nrjcl 
clioinKal coiu posit ion—Solubility and cUcmiCAl l^haviour—Jtfcryslalliz;- 
tion—Osmotic pressure—Vapour pressure—C^iJculation of osmotic pn*ssui*i 
— Freezing- and boiljng-|>oiatb-r>c term mat ion of bcnling-pomt- Dcltf- 
niination of (rcczing-point—Molecular w^^igUt of electrolytes m solution-* 
The dissociation theory—Kuraday's Uws of elcclrolysis—Magnitude of 
the ionic charge—Osmotic effect of electrolytes—Klectnc^J conductivity— 
TJic law of independent mobility of ions*—Ostwald's dilution law—'I'he 
anomaly 0/ strong electrolytes—The complete dissociation thoorv— 
Debye and HuckeVs theory—Transport numbers—Ionic mobilitn*s--The 
hydration of lonv^Results of conductivity work in water—The activity 
coou'pt—Non-aiiueous solutions—KesuUs of conductivity work in non- 
aqueous solutions-^ICffect of the dielectric constant—Hydroxy lie so) von tb 
Ionization and hupins' theory—Evidence for the dissociation theory 


Solutions.—The idea of solutions is familiar to every student of 
chemistry. Inorganic chemistry is in the main the study of fluids, 
and it is usually so much easier to dissolve a substance than to 
vaporize it that solutions play a predominant part. 

In this chapter we shall consider only liquid solutions, in which 
the soluie or dissolved substance may bo a solid, liquid, or gas. 
There is no rigid distinction between homogeneoits mi.xtures of 
two liquids and a solution of one in the other, but it is usual l(] 
speak of solutions only when one constituent is present m large 
excess. For example 95 grams of water and 5 grams of alcohol 
may properly be called a solution of alcohol in water, 50 grams of 
each is a mixture of water and alcohol, and 5 grams of water and 
95 grams of alcohol is a solution of water in alcohol. Most of 
the solutions with which we have to deal in inorganic chem¬ 
istry are aqueous solutions, not only because water is the most 
abundant solvent but also because it is the only one in which 
most inorganic compounds are sufficiently soluble. It is for this 
reason that the properties of aqueous solutions are of such immense 
importance to the chemist, and why their better elucidation in the 
course of the last forty or fifty years has been of so great a service 
to science. 

Solubility.—The phenomenon of saturation is so well known that 
it need not trouble us here. From the earliest times it has been 

laB 
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understood that a given mass or volume of solvent cannot dissolve 
more than a fixed weight t>{ solute at a given temperature. By 
evaporating the solution or by cooling it this weight may often be 
exceeded, but the solution is then in an unstable state of super¬ 
saturation and by various devices can be made to deposit the 
whole excess of solute over the fixed weight. This deposition 
may be brought about by shock, or by introducing into the solution 
a fragment—the minutest particle is enough^-of the solid solute 
or of a ciy'stal isomor]>hous with it. The result of this process, 
which is called seeding or ittoculaiion, is that crystals grow out from 
the solid particle. It is often possible to prepare solutions—for 
example those of calcium nitrate—so supersaturated that on 
inoculation they set solid. The weight of solute in unit weight or 
volume at a given temperature in equilibrium with excess of solute 
is called the solubility at that temperature: in other words, soluhihty 
is the comi^ositiun of the saturated solution. Solubilities must 
always be measured in the presence of excess of the solute, as 
there is otherwise no means of making sure that the solution really 
is saturated, and sufficient time must always be allowed—it is often 
surprisingly long—to allow equilibrium to l>c established. At this 
{>oint as much solute enters the solution as leaves it. and the con¬ 
centration of the solution therefore remains constant. Solubilities 
can be expressed in at least four ways, and it is important when 
referring to them to make it quite clear which is intended. Using 
grams and litres the principal ways arc: 

1. Grams solute per ml., 100 ml., or litre of solution. 

2. „ ,, „ gm., 100 gm., or 1000 gm. of solution. 

3. „ „ ml., 100 ml., or litre of solvent. 

4. „ „ „ gm., 100 gm., or 1000 gm. of solvent. 

Of these the first is usually the best, because for ordinary work 
solutions are usually made up by volume and the solubility is then 
a direct measure of the weight of solute required. To convert 
T to 2 or vice versa the density of the solution must be known, and 
to convert 3 to 4 or vice versa the density of the solvent. To 
convert I or 2 to 3 or 4 we must know the change of \olume on 
adding the solute to the solvent. These distinctions are specially 
important in concentrated solutions, and such an expression as 
‘ a 20-per-cent solution ‘ should never be used in exact work, as it 
may be misinterpreted. 

^ect ol Temperatoie. —The process of solution is always attended 
by either the li^ration or absorption of heat. From Le Chatelier's 
principle we know that the solubility of substances that absorb 
heat when they dissolve will increase with tempeiature. whereas 
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the reverse is true of substances that give out heat on solution. 
Most substances belong to the first class, and are more soluble in 
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the hot solvent. Examples of both types arc shown in Fig. 28. 
The behaviour of some substances is more complicated, and their 
solubility curves, tliat is, the curves obtained by plotting solubility 



Fig. 29. SoLUBiLiiy or Souiuh Sulphate 


against temperature, show abrupt changes of direction. TJicse 
breaks in the curve are due to the formation of compounds between 
solvent and solute which exist only between definite limits of 
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temperature. Sodium sulphate is one of the best examples of this 
behaviour, and its solubUity curve is shown in 29. Above 
32® only the anhydrous s^t crystallizes from sodium sulphate 
solutions, the hydrates being incapable of existence above this 
temperature, 'llie anhydrous salt has a negati>'e temperature- 
coefficient of solubility. Below 32® two hydrates can exist, having 
the fornnilac NajSOj.yH^O and Na2S04.ioH20, the former being 
the more soluble. If a solution of senium sulphate is quickly 
cooled to a temperature at which it is supersaturated with respect 
to these hydrates, either may appear in the solid stale, but the 
heptahydrate (Na^S04.7H|0) is precipitated more frequently than 
the <iccabydrate. It is nearly always found, in other systems as 
in this one, that when the crystallization of two forms is possible, 
the more soluble crystallizes This principle governs spon¬ 

taneous crystallization, but by moculation witli a crystal of the 
(losirec) substance .supersaturated solutions of s^xlium sulphate can 
l)c made to deposit either hydrate at will. Inspection of these 
curves shows that in stating solubility it is essential to name the 
hyilratc to which the measurements refer, i.e. the nature of tho 
S( 4 i<l phase in equilibrium with the solution. 



Fig. 30 Solubility of Ferric Chloride 

Hydrates.—The equilibrium conditions between salts and their 
solutions will be dealt with more fully when we come to the phase 
rule (Chapter V), but brief allusion must here be made to the 
behaviour of salts whose hydrates are stable at their melting-points. 
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When these hydrates are heated the salt dissolves in its own water 
of crystallization, and the solubility curve shows a maximum. 
Thus ferric cMoride dodecahydrate (Fig. 30) melts at 37®, and at 
this temperature the solid hydrate is in equilibrium with an aqueous 
solution of ferric chloride of the same composition. The hydrate 
in the solid or liquid state behaves as a chemical individual, and 
its melting-point is depressed by the addition either of water or 
of the anhydrous salt. The other hydrates behave in a similar 
way, and on plotting the solubility ol the anhydrous salt against 
the temperature we get the familiar cascade curve. The small 
figures above the maxima indicate the number of molecules of water 
associated with two molecules of ferric chloride, 

In the evaporation of ferric chloride solutions a series of fnsitms 
and s<»lidifications will be obser\'cd. As water is removc<i and the 
temperature rises each hydrate melts, and then solidifies as a 
mixture with the next hydrate when the water necessary to its 
existence has been driven off. Finally the last hydrate, FrCl;i.2llM(). 
is broken down, and the curve rises sharply with no further breab>. 

Solubility and Chemical Compositioa.—No general quantitative 
law is known connecting the solubility with the other properties 
of solvent and solute, and this is perhaps not surprising in vivw of 
the number and complexity of the factors which influence solubility. 
The dielectric constant of the solvent, the stability of hydrates or 
other compounds between solvent and solute, and the molecular 
condition of the solute in solution, all come into play. Relatii;iis 
are known for particular groups of compounds, but they are entirely 
empirical and are subject to exceptions. As an example we may 
mention Abeog's Rule that the solubility in water of the salts of 
the alkali-metals with strong acids decreases from lithium to caesium, 
while their salts with weak acids obsc*rvc the reverse order. Sodium 
chloride, which over a considerable range of temperature is less 
soluble than (xitassium chloride, is an exception. 

Solubility and Chemical Behaviour.—In spite of the difficulty of pre¬ 
dicting it from theoretical amsideralions, the solubility of a substance 
in water is frequently of such importance as largely to determine its 
chemical behaviour. At equilibrium the concentration and conse¬ 
quently the active mass of a substance cannot exceed the solubility, 
and is a constant if the undissolved substance be present, so that 
in solutions it usually controls the course of any reaction taking 
place. For example, when solutions of sDver salts and chlorides 
are brought into contact the immediate effect is the precipitation 
of the insoluble silver cldoride. If a substance is insoluble in water 
it can usuaUy be most readily prepared in a state of purity by 
precipitation, and the relative solubUities of salts can often be used 
for the purification of one or both. A good example is furnished 
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by the preparation of potassium salts from the Stassfurt deposits 
in Germany, which are believed to have been laid down by the 
evaporation of an inland sea. They consist chiefly of the chlorides 
of sodium, magnesium, and potassium, together with magnesium 
sulphate. The valuable constituents are the potassium salts, 
which are extracted by making use of the fact that in the neighbour¬ 
hood of 100^ sodium chloride is less soluble than potassium chloride. 
Sodium chloride is readily deposited from the mixed solution, 
leaving the potassium salt with a small proportion of sodium and 
magnesium salts, which can be still further reduced by crystallization 
and washing. 

Ihe solubility of gases decreases with rising temperature, and 
if a gas cannot be expelled from a solution by boiling it is probably 
combined with the solvent. 

RecrystallizatiOD.—Reciystallization, perhaps the most commonly 
used of all methods of purification, requires the use of a solvent in 
which the solubility of the substance to be purified has a high 
positive tern per ature<oe£ficient. A saturated solution in the hot 
solvent is prepared, and as large a proportion as possible of the 
substance is recovered by cooling the solution and collecting the 
precipitate. The impurities remain in solution, as they are not 
present in sufficient quantity to form a saturated solution. Never¬ 
theless some of the impurity usuaUy finds its way into the preci¬ 
pitate, particularly if it is isomorphous with the substance to be 
purified, and as isomorphous substances are those most likely to 
occur as impurities, recrystallization is usually carried out more 
than once. If the substances form mixed crystals in all proportions, 
recrystallization as a means of purification is much reduced in value. 
The most serious disadvantage of the method is the loss of material 
entailed, and if the supply is limited it is worth while going to some 
trouble to find a solvent in which the temperature-coefficient of 
the solubility is sufficiently large to reduce the loss to a minimum. 

Osmotic Pr 68 SU 3 re» —A fundamental prop>erty of solutions is the 
osmotic pressure, and though the difficulty of measuring it directly 
has been a bar to its practical use, yet its consequences are of the 
greatest practical importance. Osmosis was described by Du- 
TPOCHET in 1726, and again in 1750 by the Abbii Nollet, whose 
treatise on physics enjoyed a wide circulation in the eighteenth 
century. NoUct found that if water and spirit of wine were 
separated by a bladder, the w'ater would pass through the bladder 
to dilute the spirit of wine, and if this was confined in a glass 
vessel would cause the bladder covering it to expand and burst. In 
1867 chemical membranes were prepared for the first time by 
Mokjtz Traube, and were employed by the botanist PrEFFRR in 
his famous series of measurements of osmotic pressure. He used a 
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membrane of copper feirocyanidc, precipitated within llie pores of a 
clay vessel by filling it with a solution ol potassium fcrrocyankle and 
immersing the whole in a solution of copper sulphate. The improve¬ 
ments introduced by later workers included the passage of an electric 
current from one solution to the other while the membrane is being 
formed, and the use of higher pressures in forming the membrane. 

Membranes which allow the passage of solvent but prevent that 
of dissolved substances are termed setni-pnmcable with res|x:ct to the 
solvent and solute. It is found that if a porous pot in which such a 
membrane has l>ecn precipitated be filled with, say, cane-sugar 
solution and immersed in water, then the water wilt pass into the 
pot through the membrane and will dilute the sugar solution. Th>* 
latter will rise tr» a height that may reach several feet unless pressure 
be ap])Ued to it to prevent it. Theoretically the sugar solution will 



Fig 3 T BERKRtrv and Hartley's ArrARArus (Oiagrammatic) 

rise to such a height that the osmotic pressure exactly balances the 
tendency to osmosis, but the difiiculty of preparing membranes 
that will stand a large pressure on one side has prevented the general 
use of this method for measurement. To serve for an accurate 
determination of osmotic pressure a membrane must be perfect in 
two senses: (i) it must be macroscopically continuous without 
apertures, (2) it must be perfectly semi-permeable, i.e. it must be 
completely impervious to solute. One can hop)C to satisfy the first 
requirement by care fill attention to detail in the preparation, but 
the second presents difficulties unsurmounted to the present. The 
facts are that for a direct measurement of the osmotic pressure of 
aqueous solutions there is only one possible solute—cane-sugar— 
and only one membrane—copi)cr ferrocyanidc. Other membranes 
are never perfectly semi-permeable to any simple solute in aqueous 
solution, while copper ferrocyanide is strictly impervious only to 
cane-sugar. Hence direct osmotic data, although now v^ery full 
and accurate for the materials mentioned, are exceptionally meagre 
in respect to variety of solute or solvent. In the apparatus used by 
the Earl of Berkeley and E. G. J. Hartley, an external pressure 
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exactly sufficient to prevent motion of water through the membrane 
is api)lied to the solution. The osmotic pressure of the solution is 
then represented by the external pressure, and dilution of the 
original solution by the entry of water through the membrane is 
avoided. The membrane was precipitated in a porcelain tube (see 
diagram) which contained the solution and was enclosed in a cylin¬ 
drical vessel containing water. Pressure was applied to a narrow 
tube connected with the solution until the liquid level in the narrow 
tube had nn tendency either to rise or to fall; the pressure necessary 
to bring this about is the osmotic pressure. The chief advantage 
of this method of operation lies in the saving of time required to test 
the ‘ perfection * of a prepared membrane. If the membrane is 
defective it will not usually fail entirely to promote osmosis, but the 
pressure registered will fall short of the true pressure. Hence the 
only way to ascertain the true (maximal) pressure is to prepare and 
test a number of membranes, and as. in the classical method of 
Pfeffer, the maximum pressure is very slowly reached, exjMjriments 
by this direct method are extremely prolonged and tedious. 

Vapour Presaure. -It is well known that the vapour pressure of 
solvent over solutions is lower than that over the pare solvent. 
The boiling-point of a solution (of non-volatile solute) is above 
that of the solvent, l>eca«sc the boiling-point is the temperature 



— Temperature —> 

Tic.. 32. Vapour rRBSsuRE and the Boiling- rojNT 

to which the liquid must be raised to make its vapour pressure 
equal to (standard) atmospheric pressure. The diagram (Fig. 32) 
shows the variation of the vapour pressure of water, and that of 
two aqueous solutions, with the temperature, the boiling-points 
being indicated by the points A, and B|, where the curves 
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cross the 760-nun. mark. It is suggested by the diagram> and 
can be rigidly proved by thermodynamics, that for small concentra¬ 
tions AB is proportional to AC, that is, the rise in the boiling-point 
is proportional to the decrease of the vapour pressure. The same 
considerations apply to the lowering of freezing-point, and both 
conclusions have been abundantly verified by experiment. A 
mixture containing a total of n gm.-mols., of which are of (he 

species A and of the species B, may be regarded as derived from 
n gm.-mols. of A by the withdrawal of «b of its mols., and their 
replacement by gm.-mols. of B. On this simple view we should 
expect the vapour pressure of A to be reduced from to 
pA-nAl(r^\+^^b)—pA‘NA' Na is termed the molar fraction of A in 
the mixture. The same argument is applicable to tlie vapour 
pressure of the second constituent B. Hence wc should have for 
the partial pressures^d pW arising from the mixture 

whence, if we express the reduction of vapour pressure by 5 /», 

and 6 ^b/^b=Na. 


The expression ^plp is knOMm as the relative lowering of the vapour 
pressure. If B is ellectively non-volatile, then Pa' is the total 

vapour pressure over the solution. The 
ro truth of the above theory may be in- 

I g directly tested by tracing a relation 

g ^ between osmotic pressure and lowering 

§ ^ Solution Qf vapour pressure. 

3 CalcnlatioD ol Osmotic Pressure.— 

M Consider a solution of a non-volatile 

h g solute in equilibrium with the pure 

M solvent and communicating with it 

g through a semi-permeable membrane 

= which allows the solvent molecules to 

g R pass through it freely but cannot be 

S Solvent penetrated by the solute (Fig. 33), The 
' solution will rise above the level of the 

= , solvent to a height proportional to the 

osmotic pressure. Call this height h. 
' Let and p^ be the vapour pressure 

Fic. 33. VAPoun Pressure the solvent and solution respectively. 
AND Osmotic Pre-ssure and d the density of the solution. Let 

d' be the density of the vapour. 

If we assume that Pj ss bp is small enough for the 
variation of the vapour density d* in the vapour column to be 


== “ Solvent 
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negligible, and that the vapour obeys the ideal gas law, then 
we have 

ltd'= 6 p, pV^RT, V=Mld\ and kd^fJ 

where M is the molecular weight ol the vapour, and fl the osmotic 
pressure. Together these equations give 

nid=^{RT/M){bplp)^{RTIM)N^^{con&iMi)N^. 

This result may now be submitted to experimental proof by using 
the data on the osmotic pressure ot aqueous solutions of cane-sugar 
collected in the table below. The first line, labelled m, gives the 
composition ul the solution as gram-molecules of sugar per kilogram 
of water. 


m 

Q*a 

»‘4 

0*9 

0'8 

J *0 

d{i5^) 

10*5 

1*049 

1*070 

1*000 

1*108 

n (atm , 

yoi 

H**03 


10*72 

26*42 

Did 

491 


14*7 

19 01 

»3-85 

{Tltd) tn 

MS 

»3*9 



*385 


OsuoTic Pressusd ok Cank-sucar SotUriONS 


The solutions shown in the table are sufficiently dilute ior the 
quantity m, which is proportional to the molar ratio in the solution, 
to be set equal to the molar fraction, within the limits of error in 
the determinations of the osmotic pressure. The quotient in the 
last line shows by its constancy that our theoretical result is ex¬ 
cellently crmfirmwl. 

When becomes vanishingly small, the density will be that of 
the pure solvent, and our expression for the osmotic pressure is 
easily showTi to reduce to 

where F»isthe volume of solution (or solvent) containing i gm. mol. 
of the solute. This siniplihed equation, strikingly analogous to 
the ideal gas law. may be used for an approximate calculation of the 
osmotic pressures of solutions more dUutc than about o i gm. mol. 
per litre. It is of interest to calculate, from the simplified equation, 
the osmotic pressures of the solutions given in the above table: 



0*2 

0*4 

0*6 

0*8 

1*0 

II (obs.) 

5-03 

10*03 

15*27 

20*72 

26*42 

n (caic.l 

4-53 

8*72 

12*59 

16*17 

19*50 


The very large errors must be ascribed to the falsity of the simple 
law, and not to a lailure in the fundamental premises about the 
relative lowering of vapour pressure, for a constant and accurate 
estimate of the molecidar weight ol cane-sugar (342) is obtained 
from the freezing-points ol all the above solutions (see below). 

The following example will make dear the calculation ot the 
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osmotic pressure of a solution of sufficient dilution. PfeffeR 
measured the osmotic pressure at C. of a solution roiitainini^ 
<yc)g gm. of sugar per litre of solution. Since iiie molecular woiglit 
of sugar is 34^ the volume confauiing a gram-molcciilo of the 

solulr is litres 34-2 litres. As a consequence of the fonnal 
g-yg ‘ 

analogy between the gas law pV- RT and the simplified osmotic 

law / 7 Ps—» the osmotic pn^ssure is e(]ual to the pressure of one 
mole of gas at 36® and occupying a volume of 34*2 litres, wliich is 
22-4X(-i73+3h) 

273x342 

found by experiment was 567 mm. of mercury—a dilTcrcnco tif hss 
than I percent. 

Freezing- and Boiling-points.—We have seen al>ovc (p. 135) that 
the depression of free^ing-iwint, or the elevation of lH'ilin^“]>nun, 
of a solution 57 is projxirtional to the lowering of vaixnir jm ssure 
5 />, and this in turn is projxirtional to the molar fracliuii of the 
solute A: 

{kf and A’, constaiUs). 

If the solutions are dilute enough for those relations to hr>]d, ihe 
appnj.xiination of setting equal to ihc fiiohtr rohit 

will entail an error less than the jirobablc error in the measun*- 
ments of the boiling- or freezing-points. A/r Ixiing ihe molecular 
weight to be assigiuxl to the solvent, and Wu its weight in grams, we 
have wb—H cnc^ we nuiv write 

I ^ 

f)7c=-(Aafi,).«A/ini. 

Thus for a given weight of a given solvent I> the vnine uf dejx'nds 
only on the number <if solute molecules, and not uptm their clurniical 
nature, a conclusion reached by Raoult upon experimental grounds 
as early ;is 1882. Tor dilTerent solvents we see that 

b 7 =ifB«A/IT^H (A'li ^ si^ecific constant). 

The constant may be calculated by the methods of thermo¬ 
dynamics, and is then found to contain A/r in the deiiomnuitor. 
Hence Xh, althrjugh of value sjxjcilic to a ju^lvcnt, docs iioL in fact 
involve tlic rnoleciUar weight of the solvent. 

The value of Kb can be found by exp<?rimcnts with solutrs of 
known molecular weight, and the rclatkm then applied to the 
determination of the molecular weights of other substances. It is 
important to remember that what we actually dclennine is the 
weight of the solute jxirticlc in terms of the hydrogen atom, and 
that this will only be the true molecular weight when the solute 
exists in solution in the form of single molecules. 


76o=5f>4 mm. of mercury. The (osmotic pressure 



THE NATURE OF SOLUTION 


139 

The proportionality factor varies from solvent to solvent, 
and is called the molecular deprefision of that solvent when measurc<.I 
in terms of the follow'ing units: 100 gm, of solvent and i gm.-mol. 
of solute. It is not strictly correct to define the molecular depres¬ 
sion as the lowering of freezing-j)oint produced in too gm. of solvent 
by the addition of 1 gm.-mol. of solute, since such a solution would 
be far too concentrated to obey the laws of dilute solutions, even 
supposing that the solute were soluble to this extent. An exumj^lc 
will make the matter cle£ir. 

The molocular depression of water is i8*6®. A solution of 21*96 
gm. of ethyl alcohol in 1000 gm. of water freezes at —0*826®, What 
is the molecular weight of ethyl alcohol ? 

Let the molecular weight be M. Then the solution contains 


21'06 


2 *j(^j 

gm.-mols. of alcohol in 1000 gm. w'atcr, or —gm.-mols. in 


boiling solvent J J 


Hole 

Bulb to 
cateft spra^ 

Thermometer 


Graduatt^il 

tube 


lOO Rm, water. The depression v,pc„,rfrom 
0/ the freezing-point should ^ ^ 

therefore l>c: 

l8*0x ‘ 

l8*6X2*ItjO 

•■■'‘'=-0:8=6- =■*« 

(C 8 HgO== 40 ). 

Determination of Boiling- 
point.—The boiliiig-pcunt of 
solutions is less frequently 
determined than the freezing- 
point because of experimental 
d i IFi c ult ies. A t h ermomc ter 1 1 
placed in the vapour of the 
boiling liquid would register 
only the b(»iUng-point of llie 
solvent, and it must there¬ 
fore be placed in tlie liquid, 
which is liable to become 
superheated. This difficiiltv 
can be avoided or minimized 
by some d<*vii:e which causes 
very intimate mixture of the 
vapour with the boiling s^il- 
vent. Of this type of device 

the I.andsborger apparatus (Fig. 34) is the simplest, but has now 
given place to more < oinpacl forms of apparatus. The Landsberger 
apparatus is so contrived that the boiling solution is surrounded by 
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34. Apparatus 

TI!K BoiUKC-POr^iT OF A 
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a vapour-jacket which prevents loss of heat to the air. Since 
vapour condenses in the solution, its initial and final volumes are 
not the same, and the tube is usually graduated so that the resulting 
dilution can be calculated. 

Determination of Freeziiig-point.—The freezing-point of a solution 
can be measured with a high degree of accuracy. The apparatus 

used in the commonest method is shown 
in Fig. 35. The Beckmann thermometer 
is a dilTerential instrument with a large 
thin-walled bulb, a long scale graduated 
in hundredths of a degree and covenng 
only five or six degrees, and a mercury 
rrservoir at the top which allows the 
mercury in the bulb lo be augmented 
or diminished, so that the thermometer 
can be used for different solvents. With 
the help of a lens the temperature can 
be read to one-thousandth of a degree. 
When the thermometer has been sot, 
the scale-reading corresponding with 
the freezing-point of the pure solvent 
is determined; some of the solute 
is then introduced through the side- 
tube and the new freezing-point 
measured. The solution may be made 
up to a fixed concentration by w'eight 
or volume, or its concentration may be 
determmed by analysis after the ex¬ 
periment, as may be most convenient. 
An air-jacket separates the solution 
from the surrounding freezing-mixture. At the freezing-point the 
solution is in equilibrium with ice (or the solid solvent) —a point 
which will be more fully discussed in Chapter V—and when this 
point is reached the temperature remains constant for some time 
and can be noted. 

In the second method, due to Richards, a flask is filled with a 
mixture of the solution and finely-crushed solid solvent—e.g. ice 
—and surrounded by a freezing-mixture. The tempcTature drops 
to the point at which the solution is in equilibrium with the solid 
solvent—i.e. to the freezing-point—and remains steady there. A 
little of the solution is then withdrawn from the neighbourhood of 
the bulb of the thermometer and analysed. 

Molecular Weight of Electrolytes in SolutioD.—These methods 
have been of great service in the determination of molecular weights, 
especially in organic chemistry. Many substances were found to 
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be associated in solution, that is. the molecular weight calculated 
in this way was found to be greater than that of the simple 
molecule. Thus acetic acid. CH5.COOH, in benzene exists largely 
in the form of double molecules, as does benzoic acid, C^Hj.COOH, 
in toluene. These results are not unexpected, and are often in 
agreement with the molecular weight of the vapour calculated 
from va|X)ur“density measurements. But the behaviour of sotu- 
lions tliat were good conductors of electricity, viz. solutions of 
strong acids and bases or of salts, was found to be anomalous. 
It was observed, for example, that the lowering of the freezing-point 
of water produced by adding a known small quantity of sodium 
c hloride to it was very much greater than—in fact nearly twice as 
great as—similar measurements on organic solutes such as sugar 
would lead one to expect. \'an ‘t.Hoff. unable to account for thf'so 
results by any experimental defect, was obliged to accept them as 
anom;dous. and they received no satisfactory explanation till 1887, 
when by a single brill rant suggestion the young Swedish chemist 
ARKHKfiius reduced the subject to order. His theory of electrolytic 
di.ssociation is uuc of the great landmarks of chemical history, and 
is the basis of all rntnlern work on solutions. Like many other 
theories which have now become familiar to us, it was in its day 
regarded as startling and strange, but though the first opposition 
was violent Arrhenius was able to sup{X)rt his ideas with so much 
evidence from experiment that in a few years they had become a 
recognized part of chemical knowledge. Since that time it has been 
necessary to modify the original conception in many important 
respects, and the theory has been exposed to much criticism, 
which though healthy has not always been well informed. This, 
liowever, it hns survived, and later in the chapter we shall give a 
short list of the experimental evidence in its support. Our treat¬ 
ment of solutions throughout the book will be based on the modern 
fonn of the theory—which indeed is universally current—but the 
student should remember that what now appears comparatively 
simple may in later years reveal unsaspected complications. Tlie 
more closely the experimental data are studied the more puzzling 
do some of them become. The dissociation theory provides us 
with a guiding principle, but we must often fall back on other 
considerations. The true test of the theory is its usefulness in 
interpreting the results of old ex|>eriments and predicting the results 
of new ones. 

The Dissociatioo Theory.— Arrhenius suggested that when an 
electrolyte such as sodium chloride was dissolved in water it was 
at least partially dissociated into sodium and chlorine ions, con¬ 
sisting of atoms carrying equal and opposite electrical charges. 
The obvious criticism was raised that si^ium could not exist in 
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the presence of water, with which, as is well known, it violently 
reacts; but it was pointed out that whereas sodium atoms react 
with water this does not prove tliat the same atoms would do so 
when electrirally charged. The question of the charge on ions 
is intimately connected with work on the electrical conductivity 
of solutions, and the great success of Arrhenius's pai>er was due to 
the agreement he was able to produce l>etwcon osmotic and con¬ 
ductivity work, so that l>efore wc can understand the real signifi¬ 
cance of dissociation we must deal with the behaviour of solutions 
under the electric current. 

Faraday^s Laws of Electrolysis.—Tliis, like many other brandies 
of electrical science, was lirsl accurately investigated by Fakaday, 
and the principal results of his researches are embodied in his laws 
of clccl roly sis. These laws state that the mans of any substayif-e 
liberated by electrolysis is proportional to the electrical charge employed 
and to the chemical eifuivaUnt of the subsia^Ke. Their precise 
implication can Ix^st l>e understood from example. 

Let a copi>er plate be immersed in u solution of copjKT sulphate 
and connected to the negative pole of a battery whobc positive 
pole Ls connected to a platinum wire dipping in the solution, and 
let there be also included m the circuit a solution of silver nitrate 
with a silver cathode. When the current passes, silver and copi>cr 
will l)e deposited on the cathodes ut the expense of the electrolyte. 
From Faraday's laws we learn that the number of coulombs which 
pass is proportii»nal to the weight of silver, and also to the weight 
of copper, deposited, so that a steady current will deposit a weight 
of metal proportional to the time for which it is allowed to flow. 
Further, the weight of copper to silver is in the ratio of the chemical 

equivalents of these metals, lliat is, or 31*8 to 107*9. Similar 

deductions have been exhaustively tested by experiment and are 
found to be rigorously true. Tlie theory of dissociation tells 
us why. 

It is assumed that a solution of silver nitrate contains positively- 
charged silver atoms, or silver ions^ and negatively-charged nitrate 
groups, or nitrate ions. They may be symbolized Ag**" and NO^’ 
or Ag* and NO3'. The posilively-(iatged silver ions will l>e electro¬ 
statically attracted to the negative pole or cathcKh*: when they 
reach it they give up their charge to the cathode and arc converted 
to silver atoms which adhere to it. The passage of the current 
consists then, so far as the solution is concerned, of the transference 
of positive charges from the solution to the cathode; negative 
charges are simultaneously transferred to the anode from the 
solution, which therefore remains electrically neutral. If each silver 
ion carries the same charge, the weight of silver deposited wiU be 
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proportional to the total charge that passes round the circuit, in 
accordance with Faraday’s law. Tlic second part of the law will 
also btr in agreement with theory if the copper ions (copper is 
bivalent) each carry tw'icc the diargc of the silver ions. It is also 
necessary that each copper ion should carry twice tins unit charge 
if each of the negatively-charged ions in, say. a molecule of copper 
nitrate is to receiv'c an cf]ual unit charge of opposite sign. 

Magnitude of the Ionic Charge. —If wc calculate the value of this 
hypothetical unit charge a most significant value is obtained. 
I’he actual as well as the relative weights of atoms are Icninvn, and 
if we divide the numl>or of coulombs required to deposit a given 
weight of metal by the numlicr of atoms m the same weight of 
metal svo can hnd the charge, in coulombs, carried by each atom 
or ion. In accordance with Faraday’s law this value is tlie same 
for all univalent ions, but twice tins value for bivalent ions, and 
so on. Its magnitude for univalent ions is vbozx 10coulombs, 
a charge precisely equ;d to that obtained by physical methods 
and calculations as the charge of the electron, or unit particle of 
negative electricity. It follows that an atom is converted into an 
ioii by the additum or removal of electrons in number equal to the 
valency ol the atom. Thus in silver nitrate the silver atom has 
transferred one electron to the nitrate group; the silver ion con¬ 
sequently has a unit positive charge and the nitrate ion an equal 
negative cliargc. In copper mlnitc the copjw atom has lost two 
electrons, one to each of the nitrate groups, and therefore carries 
twice the charge of the silver atom. 

The charge necessary to deposit a grnm-equivalent of a metal 
from its solutions is called a faraduy\ it is equal to 96,490 
coulombs, and its svmlKil is F. 

Osmotic Effect ol Electrolytes. —An ion. like an undissociated 
molecule, is effective in prtxlucing an osmotic pressure, and in 
lowcriug the freezing- or raising the boiling-point of a solution; 
so that if the molecular wxight of a dissociated solute be deter¬ 
mined by the freezing-point method it will apj>ear lower than thc- 
formula weight. 1/ the dissociation theory is correct, only those 
substances whose aqueous solutions conduct the electric current 
should give abnormal values for Uie molecular weight dclerniined 
by the frcezing-]>oint method in water; and this is lound to be so. 
By coinparing the apparent with the true molecular wciglit it 
shouhl be possible to calculate to what extent ihe substance is 
dissociated; we shall return to this point when we have more closely 
considered the process by which tlic current is carried. 

Electrical CoDductiyity. —The power of a solution to conduct the 
current is determined by measuring its resistance in a Wheat¬ 
stone’s bridge in much the same way that we should measure the 
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conducting power of a metal. The solution is contained in a glass 
cell fitted with parallel plates, usually of platinum, and the whole is 
bn lanced against a known resistance in the other ann of the bridge. 
To avoid polarization an alternating current was used from a small 




Conductivity Cbu. 

Fig. 36 

induction coil or buzzer, but more recently a valve oscillator has been 
preferred. For conductivity measurements the .solvent must be 
prepared in a stale of sped^ purity, since the carlxm dioxide and 
dinnioiiia that it may ab^irb fnim the atmosphere are suiheient tt) 
give it a marked conductivity. The purest water was jircpared by 
KouMtAUsen and Heydweiixer by nineteen distillations in an 
evacuated platinum apparatus, and since that lime many stills hav<‘ 
been designed with the same purpose. Since water disso>ves a 
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little free alkali from ordinary glass, a less scjiuble material, such as 
hard glass, fused silica, or block im, must be used, and m most of 
the successful stills the water, after distillation from alkaline per¬ 
manganate to remove organic matter, is boiled and fractionally 
condensed in a current of pure air. Conductivity-water must be 
carefully protected from atmcjspheric contamination. 

The arrangement of the circuit is shown in the diagram (Fig, 36), 
together with two good types of cell. In the Hartley cell the 
pure solvent can be preserved from atmospheric contamination by 
blowing pure air free from carbon dioxide through F while a con¬ 
centrated solution of the electrolyte is introduced through A, 
The plates are made of sheet platinum coaterl with grey platinum, 
and are held in place by small pieces of gliiss at each corner: 
by rotating the cap to which they are attached the electrolyte 
can be stirred. 

The spectfic conductivity of a solution is defined as the current 
which would flow between opposite faces of a centimetre cube oj the 
solution at unit potential difference (1 volt). Provided that polariza¬ 
tion is prevented, solutions obey Ohm's law, hence the resistance 
can be found in a Wheatstone’s bndge (though at vciy high 
potentials deviations from Ohm's law t^ccur, the explanation of which 
is not yet understood). The specific conductivity of a solution is 
found by observing its resistanc-e in the cell, and comparing it with 
the resistance of a solution of known s|>eciric conductivity, usually 
a standiird solution of potassium chloride, in the same cell. This 
is both easier and more accurate than the measurement of the 
dimensions of the platinum plates and of the distance between 
them. Since conductivity is much affected by temperature, the 
cell must be kept in a thermostat. In a separate experiment the 
siwciljc conductivity of the solvent is measured and subtracted 
from that of the solution; this gives the sjiecific conductivity due 
to the electrolyte alone. Tlie results are more signiheant if we 
divide the sjiccific conductivity by the concentration, in gram- 
molecules per C.C., to give the molecular cofuluctivity, or in gram- 
equivalents i>cr c.c. to give the equivalent conducirr'Uy. For 
' univalent ' electrolytes the results are identical. The molecular 
conductivity is proportional to the cunent carried under unit 
potential gradient (i volt per cm.) by the ions into winch the 
molecule has dissociated. It represents, in fad, the average 
current carried under these conditions by the products of the 
dissociation of each molecule, and consequently varies with the 
concentration of the solution. At the moment we sliall do no 
more than observe that the molecular conductivity increases as 
tlic solution becomes more dilute and reaches a maximum at what 
is called * infinite ' dilution, though a large class of electrolytes 
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is not sufficiently dissociated to approad) this condition in any 
Sf)Iution on which measurements can l)e made. 

The Law of Independent Mobility of Ions.—The er|uivalc]U coii' 
ductivity at infinite dUuti<in cannot be directly meastired and must 
be determined by extrapolation of results from solutions as dilute 
as p<issiblc. The investigation was carried out by Kohi.kausch 
in a series of researches whoso accuracy, in spite of later improve¬ 
ments in technique, compares favourably with that of much modem 
TOsearch. His work was the foundation of the theory oi conduc¬ 
tivity and resulted in the imjwrtant generalization known as llie 
Law of Independent Mobility of Ions. He found that the L‘<|uivalen 1 
conductivity of an electrolyte at infinite dilution was the sum of 
terms due to each ionic species, (he term for each ion bt iiig a 
constant in tdl its solutions. 'J'he meaning of this obsc^^•ation can 
be explained by an examine. Kohlrausch's value for the equivalent 
conductivity of potassium chloride at 18^ and infinite dilution was 
i2C)'i. If wc represent the parts of this conductivity due to the 
potassium and chloride ions by /xk* resjH.'Cliveiy, w'e 

have, if the law is true: 

120 'I (1) 

SimUarly the value for sodium cldoridc is ioS*i, so tlial with the 
same notation: 

(.3; 

For sodium nitrate: 

+MNO3'=104*^ i'^) 

Assuming the law to be true, wc arc now in a position to calculate 
the equivalent conductivity of potassium nitrate from these data, 
and to compare our result with experiment. The value should be* 


but from (3) and (3): 
so that: 

^K'+MNOa' 


MK*H-/iN03' 

ftsoi'—tio'—ys 

3*5^ izq i—3 S==ri25'6. 


The value found by expeiiment is 125*5, and no authentic case 
has been produced of an exc'cption to the law, which lias been 
verified in both aqueous and non-aquetjus solutions. 

The current carried by an ion depends on tw(» things only, viz., 
on the charge and on the speed with which it moves through the 
solution. It is obvious that ions carrying, say, a unit oleclronic 
charge will deliver twice as great a chaige at the electrode in unit 
time if they move twice as fast as other similar ions, and hence will 
carry twice the current. Kohlrausch's equivalent conductivity 
at infinite dilution does in fact represent the sum of quantities 
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proportional to the speeds of the ions. Later on wc shall show how 
these speeds can be measured, and sIkJI discuss the interesting 
conclusions to which the results seem to point. 

Ostwald^s Dilution Law.— Arrhenias believed that all electrolytes, 
except in the hypothelical condition of infinite dilution, were 
incompletely dissociated, and he pointed out that their degree of 
d]ss(jciution should l)e calculable at any coucentraion by measuring 
I lie ratio of the equivalent conductivity at this concentration to 
the equivalent conductivity at infinite dilution. The degree of 
dissociation a represents the fraction of the molecules of the solute 
dissociated at any concentration. At infinite dilution the equi¬ 
valent conductivity of an electrolyte such as acetic acid will be 
//h*+mac'i but if at a given dilution only a fraction o of the add 
is dissociated into hydrogen ions and acetate ions, then the equi¬ 
valent conductivity at this dilution will Iw Calling 

the equivalent condurlivify at infinite dilution and at a dilution 
V, Age and Av. we have tli.it: 



and: 

Av* •a(/AH* i f 4 Ac') 




and it is from this equation that the apparent degree of dissociation 
can best he calculate. 

Oslwald jKiiiitcd out that the dissociation of an electrolyte into 
ions was an equilibrium that should be subject to tlic law of mass- 
action. Thus the dissociation of acetic acid: 


CH3.C001If> 1I +CIIa.COO' 
ought to obey the equation: 

rcH^.coo': rm ,, 

ICHaXOOHJ ' 

where the sfjuare brackets denote equivalent concentrations and 
AT is a constant. If the dilution is V, that is, if one gram-molecule 
of acetic acid Ls dissolved in V litres of water, and the degree of 
dissociation at this concentration is a, then [CIl3.COO'j^5-[H*] 

= iind [CIIs-COOII}-so that: 


A a 


V y 

J •• a 


-■-K or 


(i-oU' 



r 


( 5 ) 
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This equation is known as Ostwai.d's Dilution Law. It shows how 
the degree of dissociation a varies with the concentration, and was 
tested by Ostwald for 250 organic acids in water and by Bredic 
for fifty weak bases. Tlie application of the law to these substances 
was entirely successful, and each of them gave a value for K con¬ 
stant within the error of the conductivity determinations from 
which a was calculated from equation (4). Thus, for acetic acid 
K was found to be about i*8xio“* at 18®. This means that in 
tenth-normal solution (K=io) only about one molecule in seventy 
is dissociated, while in one-hundred-thousandth normal solution 
(which is near the limit of dilution for conductivity work) the 
dissociation reaches q5 per cent. K is called the dissociation- 
constant of the electrolyte, and its value has a very great influence 
on the chemical properties of the substance. 

Acids Bases 

Arctic acid . , 2x10”* Hydrazine . . 

Hydrocyanic acid . 7X io‘’* Mctliylaniine 5 v 

Citric acid . . Aniline . 5XJo"^* 

Benroic acid . yxio”* 

Phenol . .IX io“»* 

Dissociation-CONSTANTS of some Weak Acids and Basfs at 18® 


The following will serve as an example of calculations based on 
these figures. Example: At a dilution of 50 the equivalent con¬ 
ductivity of a certain weak monobasic acid is 9*23, while at infinite 
dilution its equivalent conductivity, calculated from the mobilities 
of the constituent ions (p. 153), is 387. Calculate: (i) The degree of 
dissociation at this dilution, (ii) 'fhe dissociation-constant of the 
acid, (iii) The concentration of hydrogen ions in the solution, 


(i) Call the acid HA, and let its dissociation-constant be K. 
Then with the previous notation: 

A 0*2^ 

a— 0-0238, or 2*38 per cent. 

A* 3 ®/ 

(ii) The concentration of undissociated acid, in gram-molecules 
per litre, is (100—2-38)- = 97-62 per cent of ^ =^^0‘0iy52. Hence: 

/^ 23 bY 

[HA] -01952 


(iii) The concentration of hydrogen ions, as above, is: 

•^=4-8 xio-. 
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The Anomaly of Strong Electrolytes. —The triumphant success of 
the Ostwald dilution law. as applied to the conductivity of weak 
acids and bases in water, left no doubt that the dissociation theory 
as originally propounded contained at least aji element of truth. 
It was. however, obvious from the first that the dilution law broke 
down completely w'hen applied to strong electrolytes, that is, to 
all salts and to strong acids and bases. These were proved by 
Kohlrausch to follow, in dilute solutions at least, the equation: 

wlicrc k is constant for the electrolyte and C is the equivalent 
concentration. A,, is found by canyiag the measurements to the 
highest practicable dilution hikI then plotting A against C*: a 
straight line is obtained which when pnxluced backwards cuts 
the conductivity axis at A« (Fig. 40, p. 15O). This implies a 
much less rapid decrease in the equivalent conductivity with rising 
concentration than is provided for by the dilution law. so that 
evcji at concentrations of N/io strong electrolytes will be exerting 
a considerable fraction—sav 70 per cent upwards—of their maxi¬ 
mum conducting power. The values of the degree of dissociation, 
a. obtained by dividing Ar by A«, do not even appro.\imatciy 
ot^cy the law of mass-action, but arc generally in approximate agree¬ 
ment with the values obtained by freezing-point measurements. It 
has already been pointed out that it was the anomalous molecuiai 
weights of strong electrolytes as determined by the freezing-point 
method that led Arrhenius to the enunciation of his theory. The 
anomaly is due to the dissociation of the solute, and by comparison 
of the true and apparent molecular weights the degree of dissocia¬ 
tion can easily bt‘ determined. Before Ostwald's work the agree¬ 
ment between the values of a determined by the conductivity and 
freezing-point methods was Arrhenius's strongest argument for 
the validity ol his theory, but for many years the difficulty remained 
—it was called the anomaly of strong electrolytes—that the mass- 
action law was obeyed only by electrolytes whose dissociation was 
very slight, that is, by the weak acids and ba.ses. 

Complete DissociatiOD Theory.— In 190Z Sutherland took 
the first step towards the solution ol the problem, tliough for many 
years his views did not obtain anything like general currency. He 
pointed out that it was reasonable to suppose that the ionic charges, 
which exert forces very powerful in comparison with the gravita¬ 
tional forces, were not without effect on the properties of the solu¬ 
tion. He suggested that strong electrolytes were completely dis¬ 
sociated at ail concenlrations, and that the change in equivalent 
conductivity with concentration was due to the variation in the 
mean distance between the ions and its effect upon the forces 
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between them. In igi2 Milnek showed that this view was in 
quantitative agreement with the results of freezing-point measure¬ 
ments, and evidence was slowly collected from other branches of 
physical chemistry. In IQ33 Dkbye and Huckel published a 
mathematical analysis of tlie problem as interpreted by conduc¬ 
tivity measurements, and more recently Onsager has effected a 
further advance by taking into consideration the thermal agitation 
of the 10ns, 

Debye and HuckeTs Theory.—In these calculations two niodihca- 
tions are im|>osod upon the velocity of a particle of known dimensions 
moving under a given potential gradient through a medium of 
known viscosity, viz. (i) The arrangement of ions in a solution 
resembles to a slight extent that in a crystal, in that clcctrastatic 
forces cause every ion to be surrounded by a slight prei)onderance of 
ions of opposite sign. Since the ions are in motion this causes 
an excess opposite charge to linger in their rear, and so retards 
them. {2) The stream of ions moving in an opposite direction 
has a retarding effect. Calculations on this basis lead to KoIjU 
rausch's relation, Av=*A^—i.C*, for very dilute solutions, and 
from the value of k the ionic radii can be deduced. This is, up to 
the present, the most successful attempt to account for the con¬ 
ductivity of strong electrolytes; it succee<ls in aqueous solutions 
and is in good agreement with the results of investigations on 
many non-aqueous solutions. Corrections of this kind are scarcely 
necessary for weak electrolytes, in solutions of which the ionic 
concentrations are too small fur the interionic forces to be of 
much importance. 

Transport Numbers.—We have seen that ionic mobilities arc 
proportional to the currents carried by ions under the same poten¬ 
tial gradient. The fraction of the total current which each ionic 
species carries is called its transport number (symbol T). Thus in 
potassium chloride the transport number of the potassium ion is 

— — —7—Tk*, and that of the chlorine ion Tlie 

MK* +MCI +MCI 

equivalent conductivity at infinite dilution of potassium chloride is 
so that if the transport number of one ion in one solution 
15 known, tlie rest can be calnilaled from conductivit\' measure¬ 
ments. Apart from conductivity three methods are a\'ailahlc: 

1. The Hiitorf method. 

2 . 111C moving hvu7idaTy iiietliod. 

3. The electromotive force method (p. 255). 

I. In the so-called lliTfOKF method, in which the change in 
concentration round the electrodes brought about by electrolysis 
is measured, the solution is confined in an apparatus designed to 
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prevent mixing of tlje electrode liquids with each other or with 
the intervening solution. It usually consists of an H^lube: in 
the design illustrated (Fig. 37). which is one of the bc'St, the ccntnil 
limb is 1)0nl down into a U and 
provided with a taj) so tliat the 
middle liquid can be run out 
when the eltxlrolysis is over. In 
these experiments only weak cur¬ 
rents may be used, or the heat 
din'd Of led will lead to convection 
and mixing; thus the cxi*>enmcnts 
may last several hours. 

L('l ns supfH^se that the trans¬ 
port nunilxir 7 of silver ion in 
a .solution of silver nitrate is I0 
tar duterniined, i.e. the Irartion 

— — Thc» elect rr HU'S will 

IMNO3 

be made of silver, and during 
the passage of a reasonably miiuH 
<|uantity of eledncity the coni- 
jKJSUioii of the intermediate liquid 
will be unaffected, since as much 
silver ion enters at one end as 
leaves at the other. If we con- 37. Mooikiio) IIsttorf 

sider a plane in the liquid perpcii- Aitakaius 

dicular to the direction of motion 

of the ions, the numbers of each passing it (in opposite directions) 
m unit time will be proportional to the speeds under the prevail¬ 
ing potential gradient, that is, to the fractions and Tnos'. which 
represent the number of gram-ions of each traversing the plane while 
a charge passes sufficient to dejHtoit one gram-atom oi silver on the 
cathode and to dissolve one gram-atom from the anode. The silver 
content of the liquid surrounding the cathode has therefore been 
reduced by one gram-atom (deposited) and increased by Ta^* gram- 
atonis from the middle liquid—a net decrease of The anode 

liquid has gained an equal weight of silvei, while the composition of 
the middle liquid is unchanged. 

'The exfieriment is carriixl out as follows. Th(' ajiparatus is 
filled with a solution of silver nitrate of accurately known concen¬ 
tration and connected in scries with a silver voltameter, consisting 
of a weighed silver cathode in silver nil rale s^^lution. A weak 
current is then passed fora considciable time, and the weight of silver 
dcjHisited on the cathodes is determined by weighing the cathode 

F 
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of tlie voltameter. Tlie cathode, anode, and middle solutions are 
run out and the first two arc weighed; the silver concentration ol 
all llircc is then determined. If the silver concentration of the middle 
litjuid h.is remained unchanged, as it should have done, tlie total 
quantities of silver in the antidc and cathode liquids, as withdrawn, 
are calculated, and compared with tlie quantities wliich these 
weights of solution contained before the experiment. The differ¬ 
ences are converted to gram-ecinivalents and divided by the number 
of iaradays which hax'c jiassed through the ciretiit. The.y are 
then equal to each other and to 7 noj'. from whicli this fraction, 
which is the transport number of tlie nitrate ion in silver nitrate 
at the dilution used, can be calculated. The transport number 
of the silver ion is obtained by subtracting that of the nitrate ion 
from unity. 



Fig. 58. Sir Otiv^K Lodos's Expbruiunt in Ionic Migkatign 


2. Ionic mobilities are usually expressed in the units obtained by 
multiplying the transport numl^r by the equivalent conductivity at 
in finit e d ilut ion. The absolut e veh )ci ty under unit po t ent i al grad ir 1 jt 
(i volt per cm.) is obtained by dividing by the number uf coulombs 
in a faraday (96,490), the result being for the potassium ion only 
6*7X10“* cm. per second, or about 2*4 cm. per hour. Several 
ingenious methods have been devised for the direct measurement of 
these velocities—the oldest and most striking by Sm Oliver J^odge 
in 1886. He filled a long tube with a solution of common salt set 
with gelatine and containing phenolphthalein reddened by a truce of 
caustic alkali. This tube was inverted so that both ends dijiped in 
dilute sulphuric acid connected to a battery. On passing the current 
the hydrogen ions moved slowly along the tube from positive to 
negative, thereby decolorizing the indicator; and by measuring the 
velocity of the boundary llie ionic velocity could be calculated. If 
one of the ions is coloured, the indicator can be dispensed with, and 
it was later found that the lx)undarv between colourless ions could 
be observed by the change in the refractive index of the solution at 
this point. For more accurate measurements some such apparatus 
as that shown in the diagram is suitable (Fig. 39). The narrow tube 
must be of uniform and known bore. To prevent mixing of the 
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and • -Ti)-®- 
; 


solutions when the apparatus is filled, one of them may be fixed in 

position with a little gelatine, whicli is found not to affect the results. 

Let the equivalent concentrations of the salts AX and BX meeting 

at the boundary be respectively C* and Cb- Suppose the u]ward 

moving boundary sweeps out a volume V c.c. during the passage of 

a q 11 anti I y of electricity coulombs 

in i seconds. B* in V c.c. mast then 

have been cntiivly replaced bv A*. 

Hence FCj\V, 

... , I A- ep FCaK 

1 herefore 

FC9V 

tl 

For the j>rcsorva1ion of a stable 
boundary the condition is obviously 
Ta'Cj}=-Tb^Ca. 'I'hc results arc in 
Rood agreement with those of the 
Ilittorf methcKl when certain coi- 
reclions have been ma<lu, particu¬ 
larly a correction for the water 
transported simultaneously with the 
ions. That waler is so carried was 
proved by the American cheintst 
Wasiibukk, wlio arranged trans¬ 
port •nu/nl)er ex|H‘riinents in wliich a 
non-(‘!c“!trolyte such as sugar was 
dibsolvcd in the liqxiid in addition 
to the salt on which the measure¬ 
ments were being made. It was 
found that at the end of the ex¬ 
periments the sugar concentration 




Boundary 


Fig. 39. Direct Dktcrmjnation 
OK Ionic Vkuh ities 
(AX on left. BX on right) 


in grams per litre was greater near one electrode than near the other, 
I ho sugar solution having been diluted at one electrode and concen¬ 
trated at the other. A further method of measuring transport 
numbers is described in p. 255. 

Ionic Mobilities.—A selection of ionic mobilities in water at 
iS' Is given below: 


Li' 

■ 330 

F' 

• 

• 45-» 

Na' 

• 43-2 

Cl' 


. 05*2 

K' 

■ <>4-3 

13 r' 


- <)7'3 

Kl)' . 


r 


. b6-25 

Cs' 

. f)f)-8 

OH' 


• J73-8 

H'(HpO)^ . 

• 3'5-3 

NO,' . 


. (>t*6 

nh; , 

• '»4-3 

CIO/ . 

• 

• 54*^1 
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The most striking feature of the list is the high velocity of the 
hydrogen and hydroxyl ions, especially the former. We must lirst 
notice that what we usually call hydrogen ion (in aqueous solution) 
IS not actually a simple proton H+, but the compound ion (H30)+. 
The feeble but definite ionization of water thus consists in the 
transference of a proton from one water molecule to another con¬ 
tiguous to it: 


It would be correct, at least where aqueous solutions are concerned, 
to substitute ' hydroxoniuni ion * for ' liyclrogen ion,’ but the 
longer word has not found favour, and we shall continue to ust* the 
conventional description. TJic diameters of hydrogen ion 
and ammonium ion NH4+ shouKl therefore be comparable, and the 
diameter of hydroxyl ion Oil” be coni])arable with that of Huoride 
ion F" Since the high mobility is not attributable to small size 
it is probable that some si)ecial mechanism of transport of electric 
charge operates in aqueous solutions for the ions of water. The 
nature of this mechanism is still speculative, but it has recently 
been shown that if a proton were imaginetl to jump from one water 
molecule to the next, expelling another j)rotoji forward, this sub¬ 
stitutional mode of transp(»rt would give a mobihtv niucli greater 
than that ex]>ectod bv a normal or direct tiaiispurt. This theory 
does not contemplate th^t such a method of transport would act 
for ions other than those of water, so that the general revival of the 
discarded hypothesis of Grotthus is not probable. 

The Hydration of Ions. —It has long seemed probable that ion.s 
are more or loss firmly enveloped in W'ater molecules when in atiueous 
solution, but the extremely divergent values emerging from different 
attempts to measure ionic hydration, and the now vicw.s on the 
constitution of liquid water (p. 103), suggest that this subject is 
far more complex than was formcrlj^ thought, and at present no 
quantitative treatment can safely be given. 

Attention may however be called to the rule put forward many 
years ago by Wai-DEN, that the product of mobility into the vis¬ 
cosity of the solvent is approximately constant for numerous 
solvents, and a given ion. As the viscosity here introduced is the 
ordinary liquid viscosit}', that is the friction of one layer of the 
liquid against another, the validity of this rule scem.s to indicate a 
‘ solvation ’ of ions. As the result of X-ray analysis more definite 
conclusions have been reached about the hydration of ions in 
crystals, and on the constitution of hydrated crystals generally. 
The structure of nickel sulphate NiSO^.yH^O has been very fully 
worked out, and there is little doubt that the results arc apjdicable 
in general to all the so-called ’vitriob' of formula M.SOi.yHi^O 
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{M=Mg, Zn, Ni, Co, Fe, etc.). The features of tlje structure are 
broadly indicated by writing the formula as 

[(Ni/»H, 0 )++S 04 “]H, 0 . 

Six molecules of water closelv surround the cation octahedrally, 
while the remaining molecule plays a more general part in stabilizing 
the structure as a whole. 'Hie close ass<’ciation of some or all of 
the crystal water with the cation is aLs«i found in (Be.4H20)S0| 
|(Cu,4H20).S04]Hj 0, (Mg.bHaOjCI., and (AlbRjOClg. The ten¬ 
dency in crystals for the cation to be hydrated rather than the 
anion is in harmony with the fact that in general free cations, 
especially when multiply-charged, arc smaller than anions (see 
p. ()3), The intense electric field at the surface of small cations 
initiates the binding ol water molecules firmly, and ihe sizes of the 
hydrated cations bea>mc c<»mparal> 1 e with those of the anions. The 
prevalence of the typical ' co-ordination numbers' four and six 
probably indicates a definite chemical interaction between the 
(*ation and its hydration water (sci* p. 345). While it is jHussible 
tiiat such a distinction between rations ami anions operates in 
solution, tlie po.sition therein must be greatly complicated by the 
competing structure of water itself. A given ion can rclegat<i water 
to itself only if the hydrate formed is more stable than the water 
structure destroyed in its formation. 

Results 0! Conductivity Work in Water,—Before we close our 
discussion of the work on winch the dissociation lhtH>ry is based 
wc shall have to refer shortly to non-aqueous solutions, and it 
may l>c well at this point briefly to summarize the essential results 
of conductivity work in water. We have seen that tlie only 
satisfactory eNy^lanation of Faradays laws is that the current is 
carried in equal units by ions pro<.luced from the solute by dis¬ 
sociation, and that in weak electrolytes, a class which in water 
consists onlv of weak acids and bases, the degree of dissociation is 
comparatively small and can be* calculated from the ratio of the 
equivalent conductivity to the maximum value which it reaches 
at infmite dilution. Ordinary concentrations so little resemble 
this condition that the equivalent conductivity at infinite dilution 
cannot, as with strong electrolj^es, be obtain^ directly by extra- 
p(jliition of the curve connecting it with the concentration (or, 
better, with its square root), but must be indirectly calculated as 
the sum of the mobilities of the ions at infinite dilution, which may 
themselves be calculated from the data of strong electrolytes. 
Thus the mobility of the acetate ion, and hence the conductivity 
of acetic acid at infinite dilution, must be obtained by measuring 
the equivalent conductivity at infinite dilution of the strong 
electrolyte sodium acetate and subtracting from it the mobility 
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of the sodium ion. The degree ol dissociation calculated in this 
wa>’ for weak electrolytes shows that their dissoaation obeys tlie 
law of mass-action, a conclusion embodied in Ostw'ald’s dilution 
law. To bring out the difference between strong and weak elec¬ 
trolytes the diagram (Fig. 40) shows the equivalent conductivity 
at 18^ of hydrogen chloride and hydrogen ace (ate solutions at 
iiigh dilution (infinite dilution to N/200) plotted against the sejuare 
root of the concentration. 



Flo. 40. EQUlVALENTCONDUCTlVltY OF A SlBiOUU AND A WEAK Hl.KCTROLYTR 

(Hydrocliloric ucul alwvc, accfio acid bolow) 

Strong electrolytes compnse strong acids and bases and nearly 
all salts, including the salts of weak acids and bases. They do 
not obey Ostwaid's dilution law, and their equivalent conductivity 
in dilute solution is a linear function of the square root of the con¬ 
centration. They are highly dissociated at aU concentrations, and 
modem work appears to indicate that this dissociation is in fact 
complete, and that the decrease in equivalent conductivity with 
concentration is due to the electrical forces between the ions. 
Kohlrausch's law of the independent mobility of ions is shown to 
be a logical consequence of the dissociation theory, and with the 
help of transport-number experiments it is possible to calculate 
the absolute velocity of an ion under a given potential gradient. 
The mobilities calculated from these data are not in agreement 
with estimates of atomic volume, a discrepancy explainable by the 
conception that many ions cany with them several molecules of 
water of hydration which must be included in the ionic radius. 
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The Activity Concept. —Since the dissociation of strong electro¬ 
lytes does not obey the law of mass-action, which has been of 
so great assistance in examining equilibria of other types in solution, 
eilorts have been made to develop other relations to take its place. 
The acUvity of an ion or molecule represents the function that must 
be substituted for its concentration if the law of mass-action is to 
be rigidly obeyed. It is usually not proportional to the concen¬ 
tration. The activity divided by the concentration is called the 
aeiiviiy coefficient. 

Since perfect gases rigidly obey the law ot mass-action, their 
activity-coefficients are always unity. Most gases are nearly 
perfect in their behaviour at moderate pressures, and the activity 
of a volatile solute, e.g. hydrogen chloride, in two solutions of 
different concentration can therefore be compared by determining 
the ratio of its partial pressures over the two solutions, To deter¬ 
mine the activity at any one concentration, an arbitrary value 
must be given to the activity or activity-coefficient of the substance at 
some fixed concentration. A method of determining activity coeffi¬ 
cients for the ions of electrolytes is described in Chapter VIII, p. 252. 

Non-aqueoas Solutions. ^Further information on many difficult 
matters in connection with solutions would be desirable, and this 
we might expect to gain from an examination of solutions in solvents 
other than water. A great deal of work has been done, chiefly in 
solvents of moderately high dielectric constant, in which, as has 
already been pointed i»ut, dissolved substances are more highly 
dissociated than in solvents of low dielectric constant, which, 
indeed, have often little or no power of dissolving electrolytes. 
Unfortunately the properties, and especially the conductivity, of 
non-aqueous solutions are enormously afiected by the presence f)f 
small quantities of water or other impurities, and for this reason 
much of the older work is of doubtful value. However, reliable 
work has been done in methyl and ethyl alcohol, acetone, acetic 
acid, liquid ammonia, nitromethane, acetonitrile and other solvents, 
and though the results indicate that still further research is needed, 
some interesting generalizations have emerged. 

Results of Co^ttctivitp Work in Non-aqueous Solutions.— In 
non* aqueous solvents the sharp distinction between weak and 
strong electrolj^es disappears, and the chemical nature of the ions 
plays n sjiecific part in the variation of equivalent conductivity 
with dilution, 'i'hus, while Kohlrausch found that in water ail 
ordinary salts {some mercury compounds are the best-known 
exceptions) obeyed the square-root relation and were markedly 
regular in their behaviour, the same cannot be sai<i of solutions 
in any one non-aqueous solvent. Among them the hydroxylic 
solvents, i.e. the ^cohols, most closely resemble water in their 
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behaviour. In j^articular, in these solvents the hydrogen ion has 
a mobility much greater than tliat of other ioiis» just as it has in 
water. Tlie table shows the mobility at 25® of the hydrogen ion 
in methyl and ethyl alcohols, two hydroxy lie solvents which have 
been thoroughly investigated by Hartley and others, and in the 
two non-hvdroxylic solvents acetone and nitromethane. The 
mobility of the ammonium ion is given for comparison. 
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Mobility of thk Hyprogen and Ammonium Ions at 25® 


In attemjiting to interpret these data it must be retnemberod that 
by the ' mobility of hyilrogen ion ' we strictly mean only the rate of 
transjKirt of unit positive ionic charge, and wc can lie sure that if 
the electric transjTort is effected by a simple ionic diffusion the ion 
concerned is never a sim]>lc proton. It is possible that the ‘ jumping ' 
mechanism proposed for water also operah'S in hydro.xylic solvents 
such as the alcohols, but, as might be expected, less efficiently. 
Ill ethyl alcohol the mobility is of the magnitude to be expected 
for the simple diffusion of an ion of the form CjU^OHa***. Tlic nature 
of the conduction process in such solvents as acetone and nit 10- 
methane is Utile understood, and the near equality of tlio mobiliiies 
of ' hydrogen * and aminoniiim ions in these solvents may be 
fortuitous. 

Effect of the Dielectric Constant.- It has already been staled 
that the dielectric constant of a solvent has an important influence 
on its ionizing powers, the most noticeably ionizing solvents being 
those with high dielectric constants. The presence of a hydroxyl 
g^roup in the solvent molecule has an equal if not greater effect. 
The diagram (Fig. 41) shows the equivalent conductivity of nitric 
acid and perchloric add in various typical solvents plotted against 
the square root of the concentration. For the Iwllrr com parish m 
of tlie results, the equivalent comluctivity is expressed 5is a frac¬ 
tion of the equivalent conductivity at infinite dilution. It will 
be noticed: 


(i) 'riiat in water and the alcohols the conduct ivily of either 
acid at any concentration decreasiis willi tlie dielectric 
constant. 

(ii) That the conductivity of lutric acid is much more affected 
by change of solvent than is that of perchloric acid. Only 
in water is nitric acid a strong clcctrolj^c. 

(iii) That the influence of the hydroxyl group outweighs that of 
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the (liekctric constant, since the conductivities are higher 
in cUiyl alcohol (dielectric constant 25) than in nilrolxiizene 
(dicl(‘ctric constant 35). 
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Hydroxylic Solvents.—'I'he Ingh ionizing powers of hydroxylic 
solvents arc probably connected with the polar properties of the 
hydroxyl group (Chapter XI). which enable it to act cither Jis donor 
or acceptor, and in such solvents l>oth cation and anion may be 
solvated. The process of ionization in solution consists not 
only in a sci)ara(ion of the constituents of the sidute molecule: 
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AB->Abut also in the combination of both of them with 
11 le solvent: 

Solvent *I>AB—>-(S(>lvcnt.A)*-|- (Solvont.B)'. 

Many electrolylcs are fuliv ionized only in solvents of very high 
dielectric constant, e.g. m water, since the conductivity cur\’cs 
obtained in non-aqueous solvents often oblige us to sup5)0se that 
a considerable proportion of undissociated molecules is present. 

Ionization and Faians’ Theory.—Among the many acids so far 
in^Tstigatcd, pcrcldoric acid best retains its character as a strong 



Fig 42. CoNDUCTiviry of Thiocyanates in NoK-AguEous Solutions (25®) 


electrolyte when dissedved in non-aqueous liquids. Among salts the 
elTects of different solvents arc complicated and specific, and classes 
of salts which show perfect regularity in water may show great 
divergence in other solvents. On the whole, the tendency to ionization 
is what we should expect from Fajans* theory (p. ^40), that is, it 
is promoted by a large cation and a small anion. The thiocyanates 
of lithium, sodium, and potassium may be taken as an example. 
Fig. 42 shows tlieir eqiiiv.ilent conductivities in methyl alcohol and 
nitromethane at 25® plotted against the square root of the concentra¬ 
tion. In methyl alcohol, as in water, the curves arc nearly parallel 
straight lines. In nitromethane, on the other hand, the tendency 
to ionization is much greater in the potassium salt, with its large 
cation, than in the lithium salt, with its small one. In applying 
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Fajans' theory to hydroxy lie solvents it is usually necessary to 
take into account tl)e effect of solvation. 

Recent conductivity work shows then that the dissociation of 
elect rolyt**s is a very much more complicated problem than was 
supposed when the original theory of Arrhenius was introduced, 
'llie theory of complete dissociation, again, must be restricted to 
dilute solutions in water and a few other solvents of high 
dielectric constant. Much work remains to be done on the 
subject. 

Evidence for the Dissociation Theory. -It will be convenient at 
this point to give a list of some of the more important experi¬ 
mental facts on wliich the dissociation theory in its widest sense 
is based. It has become so much a part of chemistry that with 
every year it grows more dhhcult to distinguish between fact 
and theory, but it is impe^rtant that such a distinction should be 
maintained. 

I. The conductivity work discussed in this chapter, and par¬ 
ticularly I he identity of the electronic charge with that required 
to deposit a univalent atom from solution. 

а. The distinction between electrolytes and non-electrolytes 
rcvouled by osmotic pressure and related proi>erties (vapour 
pressure, freezing- and boiling-points). 

3. The ioni/,ation of crystals (p. 86). 

4. Calculations of dissociation-constants of weak electrolytes 
by several different metliods give concordant results: sec for 
instance tlie calculation of the ionization-constant of water 
(p. 191). Oil the other hand, strong electrolytes still present puzzling 
features. 

5. The properties of solutions appear to be the sum of the pro¬ 
perties of their ions—e.g. all permanganate sedulions arc pink; a 
solution of sr^dium nitrate and potassium cMoride cannot be 
distinguished from a solution nf sodium chloride and potassium 
nitrate. No properties can be ascribed to the undissociated 
molecules of strong electrolytes in solution, and as they are known 
not to exist in the solid state it seems illogical to postulate their 
existence in solution. 

б. The heat of neutralization of strong acids and bases is constant 

(p-193)- 

7. Tlie dissociation theo^ provides a fairly close quantitative 
explanation of ionic equilibria such as those involved in precipitation 
(p. 194). 

8. Distribution experiments such as those of Knight and 
Hinshelwood (p. 184). 

9. Experiments with radioactive indicator (p. 320). 
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centrated solutions— JixpcTimcntal device's -Rffect ol t)ic molecular 
sp<*<'icH—Com lunation with the solveiH* •Dissmuatum Practical applica¬ 
tions to association, dissocmlion, extraction. aiiU other equilibria in solution 


The Phase Rule.—A homogeneous part of a heterogeneous system 
is called a Heterogeneous equilibrium is the name given to 

efiuilibrium ni systems containing matter in more than one phase, 
A solid may consist of any number of phases if it is heterogeneous— 
e,g. a block of granite coiUaining eml>e<lded crystals —and the same 
applies to li(|uk1s; tlius two immiscible liquids in contact are con- 
si<lcrod to be two phases. Bui since all gases are completely 
miscible, a single system cannot contain moa' than one vajK>ur 
pluLsr. It is true that those premises are in contradiction to the 
molecular theory, which declares all mafter to consist of separate 
particles, but we are justifiixl in maintaining them so long as we 
apply thimi only to such large numbers <if molecules that statistical 
laws are olxyed with precision. 

1*he fundaincntal law to which all cases of heterogeneous equi¬ 
librium must ultimately Ix! referred is the Phase Rule, originally 
introducc<l by Willakd (iinus ^1839-1903), Professor of Physics 
at Yale University. The highly abstract nature of this generaliza¬ 
tion hinders it from giving much assistance to an elementary 
student, but on account of its wide application W'e shall begin by 
givitig a general dcinonstraUon ol it and apply it later to thr 
various cases of heterogeneous equilibrium with which we deal. 

\Vc define the number of components in a system as the numbei 
of substances whose amounts we are free to fix arbitrarily wlien the 
temperature and total volume of the system have been specified. 
An example will help to make this clear. Consider a system contain¬ 
ing hydrogen, iodine, and hydrogen iodide, in equilibrium. There are 
three substances present, but only two components, because if to the 
system in equilibrium we add, at constant volume, an additional 
quantity of the substance we have excluded from the list of 
components it will aHect the amounts of the other two, that is to 
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say, its amount cannot be varied independently. Any two o! the 
substances can he selected as components; when their amounts 
are fixed, the amount of the third substance in equilibrium with 
tliem under the same conditions is likewise fixed. Notia^^ that 


while the amoutUs of the components present are of prime import¬ 
ance, tlic same is not true of the amounts ot the phases, but only 
of their fiumhtr. Thus so long as liquid water remains m a system 
containing only water ami watcr-vap<iur. the vajvmr pressure at 
constant temperature is constant and is quite in(Je|>en<icnt of the 
amount of liquid water remaining. When one of the phases 
reaches microscopic dimensions this is no longer true (see, for example, 
p, 282), but we have already e.xchided such systems from our 
treatment. We shall also cxclutic sy.stems acted on by exicTior 
force.s such as gravity or electriciil fields, considering onlv the 
effect of temperature, pressure, and volume. 

Derivation of the Phase Rule.—('onsider a system containing one 
phase and one component, e.g. an enclosure containing steam but 
nothing else. Experience shows that in such a system tom pern ture, 
pressure, and volume (or its reciprocal the concentration} are 
interdependent. We cannot fix two of them without also fixing 
the third. In the example we have chosen, the concentration C, 
defined as the reciprocal of the volume V, is connected with the 
absolute temperature T and the pressure p by the relation 



p 

v"rT 


For any other one-phnsc 


one-component 


«VNtem 


some relation must exist lietwecn C, p, and T ; let us write it 

C,=h{T,. />,). 

Let us now consider a system containing two phases but one 
component, e.g. an enclosure containing water and water-vapour. 
For each phase wc have one equation, namely C,—pj) and 
C2=fi{Ti, pi). In the example we have chosen the equation 
applying to the liquid phase will not he in the form pV=^R'/\ i>ut 
will be a much less simple relation describing the variation of the 
volume of unit mass of liquid water with temperature and pressure. 
Now there will be a constant exchange of material between the two 
phases. In our example, water will be continually entering the 
liquid phase from the vapour phase and vice versa. 'J'he rate 
at which water leaves the vapour phase will be a function of the 
temperature, pressure, and concentration in that phase; call 
if Pu Cl), and call the rate al which water leaves llie liquid 

phase Pi, Cj). If the system is in equilibriuni, the rate at 

wliich water leaves one phase is equal to the rate at winch it leaves 
the other, so that: 


/i(^i» Pi» Pt» 
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However numerous the components, an equation can be written 
connecting their concentrations in each phase with the temperature 
and pressure, and for each pair of phases an equation can be written 
for each component expressing the equality of its tendencies to 
pass from one to the other. Now P phases can be arranged in 
P—I pairs, so that if there are n comi)onents there will be P equations 
of the first kind and i) equations of the second kind, making 
a totnl of « equations. The variables in these equation.s 

are nP concentrations, temperature, and pressure (these two must 
be the same throughout the system at equilibrium), or 2 in 
all. We have therefore P(n+i)—« equations containing «P+2 
variables. In order to determine these variables 2+w—P more 
equations are required, or in other words we may assign arbitrary 
Vcilues to 2'1 « -*P variables without violating any of the equations 
we have already deduced. This number 2+n—P is tljerefore 
said to denote the numl>cr of dtf^recs of freedom of the system* the 
phase rule states that the number of degrees of freedom (which 
we may denote by F) is given by the equation F=2+« — P, or: 


umber of Pkasiet+Number 
of Decrees of Freedom 


^Number of ComponenU+2. 


Let us take an example. Ether is slightly soluble iu water, but 
if the mixture contains more than a small proportion of ether it 
separates into two layers, one consisting of ether saturated with 
water, the other of water saturated with ether. If this proportion 
hi\s been exa^eded, a system containing the mixed liquids and 
vapour will consist of three pliases—two liquid and one gaseous. 
Since the number of components is 2, the system should have 
2+2—“3^1 degree of freedom, and if we fix. for example, the tem¬ 
perature. the vapour pressure must be invariable. This is found 
to be true. But if there is not enough ether to saturate the water 
tliere will be only two pha.ses, one liquid and one gaseous, and the 
number of degrees of freedom should be 2+2—2=2. If then the 
temperature is fixed we can still vary arbitrarily either the concen¬ 
tration of the solution (that is, the proportion of ether in it) or the 
pressure, but not both, and this also is true. 

One-component Systems.—With one component in one phase, 
there are two degrees of freedom. Thus if a vapour is contained 
in an enclosure, we can vary either the temperature and the pressure, 
or the pressure and the concentration (defined as the mass of vapour 
in the enclosure), or the temperature and the concentration. With 
one component in two phases, there is one degree of freedom: thus the 
wapour pressure of a liquid (or a solid) at a fixed temperature is a con¬ 
stant, or again the melting-point of a solid at a fixed pressure (i.e. tlie 
temperature at which it is in equilibrium with liquid) is a constant. 
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With one component in three phases the system has 210 degrees 
of freedom, i.e. it is invanant. For example, the diagram (Fig. 43) 
shows the relations l^etween pressure and temperature of a system 
containing solid, liquid, and vapour of the same substance, or any 
two of them. OA is the vajx^ur-pressure curve of the solid, CC' 
the vapour-pressure curve of tlic liquid. Tliese curves cut at O, 



Vui. 45, A THkIvK-rirASR ONb-COMeONKNI Svsil M 


and the abscissa of this point is the melting-point of the substance 
at a pressure rcpresenled by the ordinate of (). As tlie preisare 
is increased above this value a change takes jilace in tlie melting- 
point, which may be either raised or lowered. The connect ion 
between the pressure and the melting-point is given by OB, 
which in the diagram is drawn for a substance whose melting- 
point is reduced by increased pressure; Le Chatcliers rule tolls 
us that it must be a substance like water that e.xpands on 
freezing 

Between AO and KO the stable form is solid, between BO and 
CO liquid, and between CO and AO vapour. Along AO solid 
and vapour can exist together in equilibrium, along BO solid and 
liquid, along CO liquid and vapour. Only at one point, O, crdlcd 
the triple point, can solid, liquid, and vapour exist toge'thcr in 
equilibrium; hence if all these phases arc to l>e present the system 
is invariant. The triple ixhnt ot the ice-water-water-vai)our 
system lies at a pressure of 4*6 mm. of mercury and a temperature 
of +o*oo8® C. 

It will be observed that the liquid-vapour curve has in the 
diagram been jiroduced l>eyond the triple point to This is in 
agreement witli observation, since in the absence of ihe solid 
piiuse liquids can often be undercooled to temperatures far below 
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tht'ir frcczing-poinl without stnlidification. Phxses which persist 
under conditions in which they stiould nomiaUy disappear uro 
said to l)c metaslahlfi. '11 le vajKmr j>rcssure of the met astable plinse 
IS always Ihglier than that ot ihe stable phase: if this were not so 
isothermal (list ilia (ion could take place fn>m I lie more stable ]>hasc 
to \hv It'ss stable. Since the stable phase is ddined as that which 
cannot sjumtaneously change, this is impossible. This has been 
verified for icc and water: water can be undcrcooled to iibout 
— in'" C., as I'AnnRNiiEiT discovered more than two hundred years 
agrj, and the vajwur i>rossiire of 
water at any temperature l>elow o® 

C\ is greater than that of ice at the 
same temperature. Solidification 
can always N* brought about by I lie 
addition ut a small fragment of the 
solid, aiul this l>chaviour recalls that 
ol super«saturated solutions. AiiaU 
ogously water, when suspended 
as drops m a liquid of equal den¬ 
sity, ran be heated to about 
iHo"" without Ivuting: there are, 
howwer, no rt'cordcd e.xHcs of 
a .solid being heated above its 
melting • point without melting. The Vapour Ppfssvur 

An interesting example of mctasla- 
bilily IS aHorded by the allotropic 

modifications of I in. It hits long l>een known that in unusually 
severe cold weatlier arlicles made of tin are liable to cinmbie to a 
grey po\v<ler. This grev form **t tin is an allotropic mcKdification 
and is the stable form up to a tcm|x.Talurc of 13® C. Under ordinary 
winter conditions while or ordinary tin is in fact mctastable. The 
permanence of tin articles is diie to (he e.xtremo slowness of the 
change from tlie metastablc to the stable state. The change is 
promoted by cooling to temperatures considerably beneath i.T. 
The measurement fd the vajKiur pressure of tin is a matter of great 



difficully on account of its extremely low value, but if the vapour 
pressures of the two forms were plotted against the tem]>eraLuTe, 
the curves would intersect a( 13*' as 111 the diagram (Fig. 44). Above 
33® white tin has the lower vapour pressure and is the stabler form; 
Ixdow 13® its vapour pressure is higher than that of grey tin and 


it is metastable. It has already been pointed out that the pli<isc 


adc can be applied only to systems that have reached stable 


equilibrium. 

Two-component Systems.—Systems containing two components 
and two phases can exist in a great variety of forms. We shall 
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consider one or two representative cases of the systems solid-vapour, 
liquid-vapour, liquid-liquid and solid-liquid. In all these systems, 
there will be two degrees of freedom as long as the number of phases 
remains at two. It might be supposed that this would apply to 
the well-known examples of equilibrium between hydrated salts and 
water-vapour, but it is evident that as soon as the given hydrate 
either loses water or takes it up to form a lower or higher hydrate 
the system must be considered to contain two solid phases, making 
three in all, and has therefore only one degree of freedom. If the 
temperature is fixed the pressure of water-vapour must then remain 
at a fixed value. This rather surprising deduction is in agreement 
with experiments made loKg before the phase rule was understood. 
Thus compounds such as CUSO4.5H2O and CUSO4.3H2O can exist 
together in equilibrium only in the presence of water-vapour at a 
definite pressure. If the actual pressure exceeds this value, some 
CuS04.3lIj0 will take up water to form CuS04.5Hy0, whereas if 
the value is not reached, some CUSO4.5HJO will lose water to form 
CUSO4.3H4O [efflorescence). If only one hydrate is present the total 
number of phases is two and the system has two degrees of freedom, 
so that at constant temperature such a comix^und as Cu?04.3H20 is 
stable l)etween definite limits of pressure of wutcr-vapour. 

Solids that dissolve in the water they absorb from moist air arc 
said to be deliquescent, A solid deliquesces if the pressure of water- 
vapour in the surrounding atmosphere exceeds the vapour pressure 
of its saturated solutton, 

DistillatiOD.—In liquid-vap^mr systems relations are perhaps 
slightly more difficult to understand, but the practical applications 
are at least of equal importance, since they include the behaviour of 
liquids on distillation. We shall first deal with liquids miscible 
in all proportions, representing their relations by means of isobaric 
curves connecting composition and temperature. Hie isothermal 
curves connecting composition and pressure can be treated in a 
somewhat similar way, and the relations between composition, 
pressure, and temperature can all be represented simultaneously 
by a space-model of curved surfaces. 

The diagram {Fig. 45) represents the connection between the 
temperature and the comp>osition of the liquid and vapour jjhases 
of two completely miscible liquids A and 11 at constant pressure. 
The point A is the boiling-point of A at that pressure, B is the boiling- 
point of B. The curve AXB shows the connection between the 
boiling-point of the liquid and its composition. As we shall see, 
it can have more than one form, and may show a maximum or a 
minimum: the simple form shown in this diagram is usually found 
when the two components arc closely related chemically. 

MN is parallel to the composition axis. M represents the 
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temperature at which a liquid of composition L will begin to boil. 
The point Y on MN represents the composition P of the vapour in 
equilibrium with the liquid. ITie upper curve connecting A and 
B is made up of such points, and just as M is the temperature at which 
a liquid of coni|X)sition L begins to boil, so is it the temperature 
at which a vapour of composition P begins to condense. Below 
AXB only liquid can exist, 
above aVB only vap<»ur. 
between them liquid and 
vaponr can exist together. 

Suppose now that the 
liquid of composilion L is 
to be distilled at constant 
pressure. When the tem- 
pc*raturc reaches M the 
li<|uid boils and vapour of 
composition Y leaves the 
system. Tins vapour is 
richer than tlic liquid is in 
component B (which has the 
lower boiling-point), and 
the liquid is thus loft richer 
in component A. After a 
short interval its com¬ 
position will be represented 
by L\ and the boiling- l*ir. 45- Two Comj’leiely Misciulr 
point will be M'. 'Hie Liquids: Pn ask Diaukam 

vapour also becomes pro¬ 
gressively richer in component A, and at this point has the com¬ 
position If the distillation is stopped at this ponit, the liquid 



mixture has been separated into two parts: a residue of composition 
L', richer in A than the origina* mi.xture, and a distillate of coru- 
position somewhere between P and P', richer in B than the original 
mixture. By again distilling these liquids a further separation 
can be eflected, and by uniting the middle fractions and redistilling 
tliem it is in time ix>s.sible to obtain reasonable yields of liquids 
closely approximating to pure A and pure B in composition. It 
is, however, impossible by a finite numter of distillations to obtain 
finite quantities of either pure A or pure B. The efficiency of the 
process can be improved by the use of a long fractionating column, 
in which the ascending vapour is brought into equilibrium with the 
condensed liquid. 

If the boihng-poinl curves show minima or maxima (Fig. 46) 
the conditions are still less favourable for separation. Water and 


ethyl alcohol are an example of the first, water and nitric acid 
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of the second. At the minifnum or maximum the liquid and 
vapour phases in equilibrium are of identical percentage composi¬ 
tion, so that a liquid with this composition is unchanged by dis¬ 
tillation. Such liquids arc called constant boiling mixtures. After 
a mixture of water and ethyl alcohol ha.s undergone a large number 
of fractionations the resulting liquids will approximate in com¬ 
position to the constant-boiling mixture and one or other of tlie 



FtG. 46. VaI‘OUI< PneSSOKE OF TwO CoMPLRTELY MlSCimi> Li^1)IDS 


components: water if the original liquid contained more water 
than the constant-boiling mixture, and ethyl alcohol if it con¬ 
tained less. Water and hydrogen chloride form a constant- 
boiling mixture which contains about 20 per cent hydrogen chloride 
at 760 mm.; the preparation of this solution by distillation is one 
of the most accurate methods of obtaining a standard solution of 
the acid for volumetric analysis. It is merely necessary to distil the 
20 per cent acid (density very nearly I'l gm. per c.c. at 15 ) at the 
rate of 3 to 4 c.c. a minute, rejecting the first three-quarters of 
the distillate and leaving some residue in the flask. The remainder 
of the distillate then contains exactly 20*221 per cent of hydrogen 
chloride by weight, if the barometer stands at 760 mni.; for other 
barometric readings a very small correction is require<]. 

Immiscible Liquids.—In systems containing two liquid com¬ 
ponents we shall for the moment consider only the tw'o liquid phases 
that exist when the liquids are not completely mis<'iblc. In the 
absence of the vapour phase the system has two degrees of freedom, 
so that if the temperature and pressure are fixed there is only one 
possible value for the composition of each phase. The system then 
consists of a saturated solution of A in 6 and a saturated solution 
of B in A. In Figs. 47 and 48 the points X and Y represent the 
compositions of saturated solutions of B in A and of A in B, both 
at a temperature T^. If the solubilities increase with temperature, 
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as in Fig. 47, or decrease, as in Fig, 48, the curves must meet to 
form a maximum or minimum respectively, at a tem5>erature 
called the critical soIuUm temperature. Inside the curve two 
liquid layers exist in equilibrium, outside it only one; it is therefore 
impossible for two layers to separate 
out above this temperature (in case i) 1 
or below it (in case 2). Organic j 
compounds are known with which 
water form mixtures of lx>th types, 
and pairs of liquids have «aIso l^*n 
disetivered whose solubility curv'cs 
arc closed at both ends. The be¬ 
haviour of water and aniline is of 
the type shown in Fig. 47. Fig. 48 
shows the type of behaviour of 
water and dimethylamine, and water 
and nicotine give a closwl curve. 

A system containing two immis¬ 
cible liquids and a va|>oiir phase 
has only one degree of freedom, and 
the vapour pressure at a fixed U*m- 
perature is independent of the com¬ 
position (Fig. 49), being equal to 
the sum of the vapour pres.sures of 
the compcjnents. Since all liquids 
have some nuilual solubility, Ikiw- 
ever small, this type of relation is no 
more than a limiting case*, though j 
such pairs of liquids as water and 
merciuy approach it very ch»bc*lv. 

When the liquids are partially Kn,. 4H 

miscible the must usual type of 47 A 4.S Mutual Solu- 

curve is that showm in Fig. 50; the bilitv or Two 

va])our pressure, in accordance 

with the phase rule, is constant only over that part of the range 
(BC in the diagram) within which two liquid phases are stable. 
Ether and water form a system of this type. 

Liquids with high boiling-points, if they are immLscible with 
water, can frequently be separated from impurities by steam distilla¬ 
tion at about 100'^, an operation common in organic chemistry. 
Avogadro’.s principle and the gas laws show that the numbers of 
nujlccules of the organic liquid and of water in the distillate are 
proportional to the vapour pressures of the liquid and of water at 
this temperature, and from this relation the proportion by weight 
can be calculated if the vapour pressure and molecular weight of 
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the liquid are known. The only lunction of the steam is to accelerate 
the vaporization of the liquid to be distilled by sweeping its vapour 
from the distillation 0ask. Water itself can be removed by distilla¬ 
tion below ICO® with an inert liquid (see hydrogen peroxide, p. 37g). 
The advantage of these processes is the low temperature at which 
distillation can be carried out. 



8olid«UQUid Systems. —SoIid-h<|uid systems are, Irom the industrial 
standpoint. |>erhaps the most important of all those to which I he 
phase rule can usefully be applied. Some such guide is csseniial 
in investigating the preparation and properties of alluys. For a 
full description of the5« systems a tcxtl^ook of metallurgy must 
be consulted; we shall restrict ourselves to the more imjxjrtant 
types of two-component systems generally containing only two 
phases. 

It will be necessary' at the outset to decide how many phases 
are to be assigned to the solid mixture containing both components. 
Homogeneity must be the criterion—heterogeneous mixtures con¬ 
tain two or more phases, homogeneous only one. Homogeneous 
two-component solids are called either ‘ mixed crystals ' or ' solid 
solutions,’ and they are detected either by examination of a section 
under the microscope or bv the peculiar form which they give to 
the phase diagram. 

Since the melting-jKiints of solids are only slightly affected by 
changes of pressure, the most infnrmativc diagrams for solid-liquid 
systems are those connecting temperature and composition. Fig. 51 
shows the relations at constant procure between Iwo components 
which form neither a compound nor mixed cry'stals. Tlie com¬ 
ponent A melts at a temperature roprescute<l bv A. while B melts 
at B. The addition of B to A lowers the freezing-point of A, and 
the curve AC (which with BC is called the Hqnidus) shows the 
freezing-points of such mixtures. Similarly the lowering of the 
freezing-point of B brought about by the addition of A is repre- 
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sented by BC. These curves meet at C (called the eutectic point). 
Since at C the two solid phases A and B can coexist in equilibrium 
with the liquid phase, the system has only one degree of freeciom. 
It follows that if, as in this case, the pressure is fixed, the position 
of the eutectic point is fixed both as regards temperature and 
composition. 

Liquids of any other than the eutectic composition deposit 
eitlier pure A or pure B on freezing, according as they contain 
more or less of these components than the eutectic mixture contains. 



Tmc. 5x Two iMMisciatE Solid;;: Phase Oiagram 

If, for example, the liquid of composition P be cooled, it will at a 
temperature T, deposit pure solid A. This leaves the liquid richer 
in B. and the temperature gradually sinks as the composition 
changes in a way represented by the curve AC. At C the whole of 
the remaining liquid, which now has the eutectic composition, 
solidifies. If a solid mixture, containing let us say more component 
B than corresponds with the eutectic composition, is heated, it 
begins to melt as soon us the eutectic temperature is reached, and 
the liquid formed has the eutectic composition. This leaves the 
solid richer in B, and its composition-tcniperuture relations are 
represented by CE until all the component A is present in the liquid 
phase. The melting-point then rises sharply as the component B 
melts, until the system is wholly liquid at a temperature located on 
the line C 13 . 


The course of the liquidus is usually determined by moans of a 
scries of cooling curves on different mixtures. In such an experi¬ 
ment the liquid is contained in a vessel in an enclosure free from 
draughts and at a temperature well below the eutectic temperature. 
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Readings are taken at equal intervals of time with a thermo¬ 
meter or thermocouple in the licjuid. To ensure equilibrium it 
must be kept well stirred. Tlic rate of loss of heat from the 
vessel depends only on the difference in leiupenilure between the 
vessel and its surroundings, so that if any change takes place in 
the liquid in which heat is absorl>ed or liberdte<l it will l)etray 
itself by a change in the rate of fall of lem]>eraturc. The dijigram 
(Fig. 52) shows such a plot of time against temperature. is the 



Fig 52 Cooling Curvi; of a Uinary Mixiukr 


freezing-point on the liquid us; at this point one of the pure com¬ 
ponents begins to separate. The loss of heat from the containing 
vessel is now partly supplied by the latent heat of fusion, and the rate 
of fall of temperature is thereby diminished, hence at R the slope of 
the curve suffers an abrupt chaise. 1 \ is the eutectic temjwnjture. 
At this point the whole of the remaining liquid has the eutectic 
composition, and si^lklifies at a rate exactly sufficient to provide 
enough latent heat of fusion to balance the loss of heat by cooling, 
for when both the li(iuid and solid forms of a pure substance or of 
a eutectic mixture are present in equilibrium the ten)|>eraturc 
must remain constant until one or other has disappeared. At 
Tj a flat portion SU of the curve therefore appears; at U all the 
liquid has soHdilied and the mixture liegins to fall again in 
temperature, 

If a liquid mixture is taken with a composition nearer to the 
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eutectic composition than the liquid we have considered, the cooling 
curve will show the following ditfcrenccs: 

(i) The temperature will come closer to T^, which is the 
same for all mixtures. 

(ii) The portion RS of the curve will be shorter, since there is 
less of the pure component to separate. 

(hi) The flat portion SU—called the cukrfie arrest be 
longer, since there is more eutectic to separate. 

If one of the pure components is taken, the jwrtion RS of the curve 
becomes long and horizontal ami SU disappears, since the melting- 
and freezing-points of pure substances coincide, In organic 
cheinistry the melting-point, and also the boiling-point under 
standard pressure, are widely used as criteria of purity, since the 
addition of foreign sul>stances causes an apparent change in both 
these constants. If the sul>staiKe is known to lx? pure, these 
constants are also frequently used to establish its identity. The 
conclusive test is to mix some of the substance with a pure sample of 
wliut it is believed to be: if the supposition is correct there will 
be no change in the melting- or boUing-point, but if a mistake 
luis been made a change will be ol)served. 

Effect of Coinpoiind-lonnatbQ.--If the two components form a 
compound a rather different type of curve is obtained. In the 
diagram (Idg. 53) A 
and H are the melting- 
points of llie comi)o- 
nents, while C is the 
melting-point of the 
eumpound, which may 
be cither above or bc^ 
low the melting-points 
of cither of the com¬ 
ponents. D is the eutec¬ 
tic (I) between A and 
the compound, F the 
eutectic (II) betw'ccn 
the compound and J 3 . 

TholiquidusisAr)CFJ 3 , 
the solidus ALMCNPlk 
It is simplest to divide 
the system down the line XY into two two-component sj^tems, one 
containing A and the compound, the other the compound and B: 
this has been done in Fig. 54. It must, however, be remembered 
that there is no discontinuity in the curve at C. 
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If the components fonn more than one compound there will 
be more than one hump in the curve. Metals often form a scries 


X X 



Fig 54 Fokmatjok ok a CoMrouNo: Phasu Diagram 


of such compounds, whose isolation is a matter of difficulty. Con* 
sequently phase diagrams are much used in the investigation of 
alloys; the conclusions can be confirmed by microscopic examina¬ 
tion of a section. Fig. 55 is a 
photomicrograph of an etched 
sc’ction of an alloy of lead and tin. 
T he cryst als of t i n, wh i ch appe ar 
white in the photograph, are 
separated from each other by the 
eutectic mixture, which appears 
bl ack. The ori gin at me 11 eel all oy 
mixture was evidently richer in 
tin than the liquid eutectic mix¬ 
ture. Hcncc‘ pure tin crystallizes 
until the eutectic temperature 
is reached, when minute cry¬ 
stals of lead and tin, closely 
interwoven, are simultaneously 
deposited between the crystals 
of tin. Tlie phase rule inter- 
Fia. 35 Photomicrograph of an pretation of thissolidisthat it is 
Alloy or Lead and Tin simply a mixture, in two phases, 

of tin and lead, llie appear¬ 
ance, however, is that of a mixture of (solidified) eutectic and tin. 
This segregation of ‘ eutectic' is of great importance in determining 
the properties of alloys, but in theory arises only because of the low 
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rate of diffusion in the solid phase. It is in this sense that the 
descriptions of the solid phases introduced in Figs, 51 and 53 are to 
be understood. 

Eutectic mixtures and constant-boiling mixtures have the 
following properties: 

(i) Tiicir melting- and freczing-prWnts (or boiling- and condensing- 
poinls as the rafic may be) are identical. 

(ii) They have constant wmjxjsilion, at constant pressure. 

These properties have on several (xrcasions led to the suggestion 
that they really are compounds. Tins suggestion can be conclusively 
disproved by a study of the effect of pressure, which changes both 
the inciting and boiling-points and the composition of the cuteclic. 
Since the effect of pressure on the properties of solids (e.g. alloys) is 
always very slight, the criterion is not always easy to apply, but 
any vaiiation in composition from simple atomic ratios can be 
taken to suggi st the presence of a eutectic mixture. 

Effect ot Hized-crystal Formation.—H the components form 
mixed crystals in all projK)rtions an entirely different phase diagram 
is obtained (Fig. 50). Since the components are c<^mpietely miscible 
there are only two phases, one lj(|uid and one solid. The diagram 



Fig 1)0 Two Completely Miscible Solids: Fijase Diagram 

therefore bears a striking resemblance to Fig. 45, which shows a 
liquid-vapour system, and the curv'es can be described on simOar 
lines. Solid-liquid systems arc also known similar to the liquid- 
vapour systems represented by Fig. 46, and in these the solidus 
and liquidus have a common minimum or maximum. The latter 
case is curious, since the addition of either component to the 
other raises the melting-point instead of lowering it: such systems 
are, however, very uncommon. 
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It frequently liappcns that the components form mixed crystals 
over a limited range of composition. The diagram (Fig. 57) shows 
the behaviour of two components, A and B, wliich behave in tins 
fasliion, and from wJiat has been sa*d already should be self* 
explanatory. L represents the composition of a saturated solution 
of B in A, M the composition of a saturated solution of A in B. 
Relationships of this type are very common between the metals, 
but the complications caused by the variation of the mutual 
solubility with temperature (compare the discussion of two partially 



Fig. 57. Two Partiai.lv Miscible Soups: PiiARn Ptaokam 


miscible liquids on p. 171) cannot be considered Iicro. In the 
diagram the mutual solubility is shown as independent of the 
temperature. 

It has been pointed out by Rivkit in his book on the phase rule 
that the simple diagram (Fig. 51) showing no solid solutions is a 
limiting case of Fig. 57 which, strictly speaking, could never occur. 
Since, however, the mutual miscibility of many solids is so small 
as to escape detection, the simpler diagram may safely be used for 
any system in which the deviations of AD and BE from the vertical 
are too small to be measured. 

FredEiiig^iiiixtiires.—Before leaving the subject of two-component 
systems in the solid and liquid phases we may allude to tlie forma¬ 
tion of freezing-mixtures made by mixing salts with ice or snow. 
These systems can be clearly imdcrstood only if it is realized that 
there is no essential distinction between solubility- and freezing- 
point curves, since both indicate the temperature at which solid 
may be expected to separate from the liquid phase. Thus if 
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potassium chloride is added to ice the temperature falls until it 
reaches the eutectic (or so-called ' cryohydric ’) temperature at 
—ii' C., when the mixture contains 20 per cent of salt. A solution 
containing a larger proportion of salt than this begins to freeze 
at a higher temperature, and the solid which it deposits is not ice 
but salt. The curve CD (Fig. 58) is therefore the bottom part of 
the .solubility-curve of the salt in water; any discontinuities it 
may show are due to the formation of hydrates. There is, in fact, 
no essential difference of type between the curves AC and DC. The 



OC 


student should now revert to the ferric chloride solubility diagram 
in Chapter IV, p. 131, and see what new light is thrown on it by 
the phase-rule principles that we liavc discussed. 

The Distribution Law.—In discussing from a qualitative aspect 
the subject of heterogeneous equilibrium we have hitherto been 
guided chiefly by the phase rule. The DhtrilnUion Law (sometimes 
called the Parlilion Law) is a generalization of almost equal import¬ 
ance and of a quantitative kind. Established exi>erimentally by 
various workers for different systems, it was first put into a general 
form by Nernst in 1891, an<l has since been of the greatest service 
in the investigation of chemical equilibrium. It may be stated 
as follows: A substance divides itself between two phases in such a 
way that the ratio of Us concentrations in each phase is constant, 
provided that it is present in each phase tn the same molecular species. 

We shall consider fust the type of system to which the distribution 
law is most often applied—that of a solute in two immiscible (or 
only slightly miscible) liquids. If the siolutc is called X and the 
liquids are called A and B. the law slates that at equilibrium 

Conc^f X constant. If a further quantity of X is added 

Cone, of X in B 
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to the system, it will divide itself between the solvents in such 
proportions that the constancy of this ratio is not disturbed. The 
term ' molecular species ' refers to the atomicity of the molecule, or, 
better, of the solute particles in each solvent: thus if in solvent A 
the solute X were partially associated into molecules Xg, the law 
in its simple form could no longer l>e applied. 

The distribution law may be regarded as a 
simple corollarv of the law of mass-action, if 
we regard X dissolved in A and X dissolved 
in B as se|>aratc chemical individuals: 

X dissolved in A^X dissolved in B. 

The rate of change from left to right is 
proportional to the concentration of X in 
A, from right to left the mte of change is 
proportional to the concentration of X in 
H- At equilibrium these rules of <hange 
arc equal, and the ratio of the concentra¬ 
tions is therefore a constant. 

Fig 59 Distribution Applied to one-component solid-vapour 
BETwriJN Two Soi.vsNTs and liquid-vapour systems, the law leads 

t<i relations with which we are already 
familiar Since the concentration of a gas may be represented by 
its density, which in turn is at constant temperature proportional 
to its pressure, and since the concentration or active mass of a 
solid or pure liquid is a constant (see the discussion of the law of 
mass-action), it follows that at amstant temperature Iwth liquids 
and solids have constant vapour pressures, a conclusion that may 
also be reached by the more general method of the phase nile. 
By an extension to two-component systems, Henry's Law can be 
deduced, to the effect that the solubility of a gas in a liquid is 
proportional to its pressure above it. In two-component solid- 
liquid systems we learn that the concentration of a given solid 
in a given solvent in equilibrium with the solid is a constant at 
a fixed temperature—this concentration simply represents the 
solubility. 

Distribution in Concentrated Solutions.In the discussion of 
the law of mass-action it was pointed out that at high concentra¬ 
tions considerable deviations from the law might be observed. 
The same applies to the distribution law, and no case is known in 
which the distribution ratio is quite constant up to saturation and 
in all circumstances. Generally speaking, the greater the con¬ 
centration the greater the deviation from theory. To take the 
example of a solute distributed between two solvents: if the law 
were exactly obeyed up to saturation the distribution ratio could 
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be calculated from the ratio of the solubilities, since the saturated 
solutions must be in equilibrium. But this calculation, if made, 
is successful only for very slightly soluble substances: others nearly 
always show considerable deviations in concentrated solutions. 

Ezpefinieiital Devices*—In modem work these difficulties are 
usuaUy avoided by various devices. If the solute is volatile 
(e.g. iodine or bromine) the two solutions need not be brought 
into contact at all. If they both communicate with the same 
vapour, they will in time reach equilibrium. In this way the dis¬ 
tribution of a volatile solute between two water phases can be 
measured without the necessity of using a second solvent. In 
an American apparatus called the equilibralor the same air is 
made to bubble through the solutions in turn by revolving the 
whole apparatus about an eccentric axis, and in other devices the 
common vapour phase is exhausted to facilitate the diffusion of 
the solute vapour. If for some reason a second solvent cannot be 
dispensed with, any disturbing effects due to its solubility in the 
first solvent may be compensated by bringing the two solutions to 
be tested into equilibrium with the same solution in the second 
solvent; they must then be in equili¬ 
brium with each other with respect to 
the common solute. 

Effect ot the Molecular Species*— 

Deviations of quite another kind, invol¬ 
ving alteration in the molecular species, 
are of great importance, and must now bo 
considered. Suppose the solute X is asso¬ 
ciated in phase 2, in which it exists almost 
entirely in the form of molecules X^, while 
in phase i the molecules are alnn»st exclu¬ 
sively simple. There are thou two equili¬ 
bria to consider: one lie tween the phases 
and the other in phase 2. For il equili¬ 
brium is reached there must be some 
common specie.s, even if present only in 
very small amount (in one of the phases), 
and the simplest assumption is that 
phase 2 contains a concentration of single 
molecules negligible in comparison with the concentration of X.. 
Call the concentrations a, b, and c, as sliowm in tlie diagram. Then 

from the distribution law A'|, where A, is a constant, while 

c 

from the law ol mass-action ^here is a constant. Hence 


Phase 1 


X 

(fc) (c) 

Phase 2 

iMC <>o Distribution or 

AN ASSOCIATKII SUD- 
STAhXli BICTWLK.N I WO 
Phases 
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^5=conslani, and huice c is negligible in comparison with b, we 

(Cone, in phase i)** x . * i • 

mav sav . * v ’“constant. A ffoocl example of this 

' (<,onc. m piiase 2) 

behaviour is afforded by benzoic acid in water and toluene. 
The acid is weak, and in water exists almost entirely in 
single molecules (dissficiation can as a first approximation be 
no^^lected), but in toluene as double molecules. It is therefore 
found that 

(Cone, in wat er) ^ 

(Cone, in toluene) 

is a constant. Since the general equation can be written: 
u log (cone, in phase constant+log (rone, in phase 2), 


the experimental results of the investigation of such a system are 
usually converted to this form. If the logs of the concentrations 
in the two phases are plotted against one another, the value of n 
can be read oR from the slo|)e of the line. 

CombmatioD with the Solvent.—In dilute solutions combination 
with the solvent will not aff^^t the constancy of the distribution 
ratio, for in such solutions the active mass of the solvent may be 
considered to be a constant, and the equilibrium in the equation 

X ! Solvent r^X, solvent 


[X] 


is a constant, 


is therefore unaffected by dilution. Since ... , 

(a. solvent] 

the proportion of X combined with solvent is likewise constant, 
and neglect of this combination will alter only the magnitude ol 
the distribution ratio as determined experimentally, not its 
constancy. 

DUsocUUion.—If the solute is dissociated in one phase hut not in 
the other no constant distribution ratio will be obtained, but the 
degree of dissociation can sometimes be calculated. Suppose the 
substance X to dissociate in phase 2 into L and M, which may be 
ions or uncliarged molecules, and let a be the degree of dissociation. 
Then if the dissociation obeys the law of mas^-action we have, by 
reasoning similar to that already employed (see fig. 61): 

h 

"—a. 


-=A, 


^=A, 


6*1 c 


If I lie concentrations a and (6q c) are detemimefl by analysis, we 
have four equations and five unknowns, namely b, c, a, K,, and A'g. 
These equations cannot be solved, but if we make another set of 
measurements at a tliffcrent diluliun we get four new equations and 
only three new unknowns (immely the new valmfs of b, c, and a). 
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We Iiave now eight equations and eight unknowns, and can solve 
them. The method has two defects, viz.: 

(i) that tlie dissociation of stnmg electrolytes does not obey 
the law of mass-action; 

(ii) that the dissociation nf weak clcclrolylcs in solutions suffi¬ 
ciently concentrated for measurement is usually too small 
to be measured iu this way. 

NVvcrllK'less, the method has yh‘ldod senne highly important 
results, which will Ik' brienydiseusscHllHiow. 

It must he remembered thol distribution 
measun inoTits give no inlonnntH»a al)out the 
actual molecular condition in any phase, 
hut merely indicate anj^ difltTonco there 
may be in the molecular condition ni diffiTcnt 
phases. In order to <lraw ddinitc conclu¬ 
sions from such results. 11 l^ alwax’s m^cs- 
sary to measure the molecular weight in one 
phas(' or both bv va|>onrHlcnMly or fieozing- 
point deteruiinalions. Caution must also l>e 
exercised in dealing with li<)ukblk|uidsystems 
in which the common solute may liave 
any pronounced cEect on the equilibrium 
Ixelween the solvents. Thus the addition 
of hydrogen chloride increases the mutual 
solubility of ether and wafer to .such a 
degree that distributit>n measurements of 
hydrogen chloride between the.se solvents 
would be very difficult to uiterpret. A high 
iiiulual solubility of the two solvents is in any case always a 
disadvantage. 

Practical Applications.—\\> now* briefly describe some of 
the applications of the distribution law to the problems of chemistry, 
under the following headings; 

1. Assoaalion; 

2. Dissociaiion; 

3. E^lracHon: 

w'hile the important applications of the law to 4. Complex iom 
and 5. Hydrolysis will be coiisideicd under these headings in the 
next chapter. 

I. Association, —l*he n^ethod has already been describc<l. In 
this way it has l>een shown that benzoic acid, acetic acid, and other 
substances are associated in various organic solvents, while lithium 
chloride is associated in amyl alcohol. 

G 



h’lC Ol DlSTKtUUTlON 

OP A Dissociated 

SCUSTANCB liETWEhN 
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2. Dissociation,^ln 1927 Knigut and Hinshelwood measured 
the distribution of hydrogen chloride between water and benzene, 
and in 1930 similar measurements were carried out by Wynne- 
JONES on water and nitrobenzene (Fig. 62). He found that in 
solutions as concentrated as 8N practically the whole of the hydrogen 
chloride was in the water layer, while in dilute solutions the con¬ 
centration in the nitrobenzene layer was so minute as to be difficult 



Fio. 6a. Distribution op Hydrogen Chloride between Nitro¬ 
benzene AMD WaIER (25^) 


to detect. Since hydrogen chloride is very soluble in both liquids, 
and since the nitrobenzene solutions are known to contain some 
at least of the solute in the form of single molecules, it must be 
assumed that the concentration of single molecules in the water 
layer is negligibly small. Combination with the solvent cannot 
account fur this effect, because, small as it is, the distribution- 
coefficient varies enormously with the concentration. The results 
are therefore a striking confirmation, amounting almost to proof, 
of the theory of complete dissociation of strong electrolytes, and 
are all the more valuable because combination between solvent and 
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s<^lute has on occasion been advanced as a tentative explanation 
(jf some of the other phenomena on which tlie ionic theory is based, 
'rhe abnormally low vapour pressure of hydrogen chloride over 
its dilute aqueous solutions points in the same direction; it is so 
small that such solutions can he boiled for hours without appreciable 
loss of the acid. 

Hill found that silver perchlorate (a strong electrolyte in water) 
w;us completely extracted by water fiom its solutions in benzene 
or toluene, but that aniline would extract it completely from 
water. With the base a n*lnlively stable complex is produced. In 
the same way it has been suj^csted that the inability of carbon 
tetrachloride to extract any iudtac monochloridc from its solu¬ 
tions in aqueous hydn>chloric acid points to the absence of any 
ICl molecules in the latter. Distributuin meiisuremcnts between 
toluene and water have been used to estimate the degree of disso¬ 
ciation of mercuric chloride, one of the small class of abnormal 
salts which are only slightly dissociated in water. The HgCl| 
molecules are s^^luble in toluene, but the ions HgCI’ and CV appear 
not to be capable of existence in that solvent. The results are in 
fair agreement with the law of mass-action. 

3. Extraction ,—In this process a s<»lute is removed from a solu¬ 
tion by shaking it with another solvent (immiscible with the first) 
in which it is more soluble: the favourable distribution ratio then 
causes most of it to p;Lss into the latter. Extraction of aqueous 
solutions with ether is one of the commonest operations of organic 
clicmistrj', since most non-hydroxy he organic compounds are 
much more soluble in ether than in water. The process has the 
double advantage that it frees the solute trom inorganic substances 
present in the aqueous solution (since these are nearly all insoluble 
in ether) and that the ether can be removed from the solute by 
evaporation at a lower temperature than the water, an important 
point when the solute is volatile or easily decomi'Hised by heat. 
In inorganic chemistry such substances as iixhne. bromine, sulphur, 
hydrogen peroxide, and ferric diloride can all be extracted from 
water by suitable solvents, and thi*? is sometimes made use of in 
qualitative analysis. Given an aqueous solution and a fixed 
volume of solvent, e.g. ether, with which to extract it, it is then 
important to decide on the most efficient way of doing so. Suppose 
the volumes of water and ether are equal and that the distribution 
ratio of the substance to W extract^ is 3 to i in favour of the 
ether. If we do the extraction in one operation we shall leave a 
(}uarter of the substance in the water, and our yield is only 75 
per cent, If we divide the ether into four equal parts and 
extract with each part successively, our yields will be as 
follows; 



i86 THEORETICAL AND INORGANIC CHEMISTRY 


From Ihr lirtt extractjon 3 + 4^ 57% behind 

„ .. second „ XX ioo=*J4% 33% 

loo 3 + 4 

„ „ third „ ,^^34 4^ ***‘^“*^”* •' 

>. .. last X X KW «% „ u % „ 

By doing lour extractions instead of one with tlie same total 
volume of ether we liave therefore diminished the loss from 25 per 

cent to II j>cr cent, and in general 
the more numerous the extractions 
the more clFicient the process, but 
the number is in practice restneted 
bv considerations of time and 
wastage. 

4 and 5. Other Equilibria tn Solu~ 
Itoft .—Examples of the application 
of llic distribution law to otlicr 
c<|uilil>ria in solution will be given 
in llie next chapter. Meanwhile we 
may explain the principle on w hich 
the measurements are based. 

An (Minilibrium in solution 
X+Y<->Z cannot usually be in¬ 
vestigated by analysing the 
amounts of X. Y. and Z present 
together, becaii'^e as scion as one or 
other is removed for analysis the 
equilibrium is disturbed and more of this substance is produced. If, 
however, wc can discover a second solvent immiscible with the first 
in which only one 0/ the reactants or |products (say X) is soluble, 
we can investigate the problem with the help of the distribu- 
tion law. The distribution ratio of X between the two sol¬ 
vents must first be measured in experiments in which neither 
Y not Z is present. The whole equilibrium is then investigated 
by determining the concentration of X in the solvent in which it 
alone dissolves when in equilibrium wnth the soh'cnt containing 
the reaction mixture. The concentration of X in the latter can 
then be found by dividing (or multiplying} by the distribution 
ratio, and if the concentration of (Y-f-Z) is known our information 
is complete. When the solvent A is added to the solvent H 
with the equilibrium already established in it. the equilibrium is 
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disturbed, and moves towards the left, owing l<i the removal of X. 
A new position of equilibrium is rapidly acliieved, but of course the 
constant K is unalterei 
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Ionic equilibrium-—Solubiljty-prodiict—luiuznljun of water—At kls an<i 
—H cat of ncutralizatioU' —I *ri*c if >itat3oa' >—Dou blc sal is—Complex 
salts—MetUodft of mvcsligalm;’ complex tons, chemical tests for coti- 
slitucnts. abnormally high solubihtv. distribution, cuuduclivity, transport 
numbers, freer in - point, colour, elecUtxle potentials — Hydrolysis — 
1 n d i ca tors^T 1 1 rat too—Bu ffor sol a f ions—M ix ed i nd i cators—M easu remcn I 
of ljy<lroU*»is. indicator method. coniincHvity mctliod, distribution method, 
freezing*poiot method, catalytic method, electirnh' potential method— 
Homogeneous catalysis—hitcnncdiato compound theory—lutcmuve drying 
—Mcgntivc catalysis—l^romoler action. 


Ionic EenUibrium.—Our discussion of chemical equilibrium has 
for the most part been confined to reactions between molecules, 
except in the case of the dilution law of Ostw'ald, which is generally 
applied to ions in low amcentration in equilibrium with undis- 
sociated molecules. In this chapter we shall further consulcr the 
application of the law of mass*action to equilibrium belw'con ions. 
Modern chemistry is so largely a chemistry of solutions—and 
aqueous solutions at that—that those applications have become 
of fundamental importance. 

As an exjunpic of what is meant by an ionic equilibrium, we 
may take the reaction between solutions of ferrous sulphate and 
silver nitrate. If those solutions are mixed and allowed to reach 
equilibrium at a definite temperature {several hours are required), 
the following action takes place: 

3FeSO,+3AgNO,?=i3Ag i +Fe2(SO,),+Fe(NO,,),. 

In the same way, if silver is .shaken with ferric sulphate solutions, 
some of the silver dissolves and some of the ferric iron is reduced 
to the ferrous state. Tl^c equation that we have used to express 
the change fails because it implies that the sulpluale and nitrate 
play some part in the reaction, whereas any other anions can he 
substituted for them, provided that they do not introduce reactions 
of their own. The reaction is in fact between tlie iron and the 
silver. Such difficulties can be avoided by the use of ionic equations, 
which invariably introduce a simplification. The ionic equation 
is derived from the older form simply by eliminating ions that 
occur on both sides. In this change, if we suppose aU tiie salts to 
be fully ionized, we may write the equation: 

3Fe -bsSOZ+sAg +3NO,V3Ag | +2Fe -+3SO/+Fe +3NO/ 
and this immediately reduces to: 

Fe‘+Ag VFe"+Ag |, 
tHS 
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an equation free from the defect that has been mentioned. It 
implies that the cliange consists in the transfer of an electron from 
a ferrous ion to a silver ion, which tliereby becomes an atom of 
silver and is precipitated, while the ferrous ion becomes a ferric 
ion. Tht reaction is one that can easily be subjected to experiment. 

If the law of mass-action is obeyed, the expression 

should be a constant (since the active mass of the precipitated 
silver is a constant), and the values of this expression arc in fact 
a])proximately constant at high dilutions. Very few cases are 
known in which the law of mxss-action is exactly obeyed, either 
by neutral molecules or by ions, and ions obey it on the wliole 
with rather greater divergences than neutral molecules. Never* 
thcless the law is sufficiently in accordance with experiment to be 
a useful quantitative guide in reasonably dilute solutions. 

Solubility-product.—These ideas can be applied to ' insoluble ’ 
or slightly soluble .salts. The equation representing the precipita¬ 
tion of barium sulphate from mixed solutions of any sulphate and 
any barium salt is: 

Ha'-f SO/-)-BaSO*|. 

Since barium sulphate can be shown to have a slight solubility in 
water, the change is to some small extent reversible. If we apply 
the law of mass-action to the dissociation of the almost completely 
dissociated salt (and the very high dilution must be our justification) 

we gel where [BaSOJ represents the minute 

concent ration of undissociated barium sulphate in solution. Now 
in the presence of the solid, and at equilibrium, this must be a 
constant, whence [Ba**] [SO4'] must be a constant in solutions 
saturated with barium sulphate. Tills expression is called the 
solubility-produci, and the solubility-product is aj>proxiniately 
constant for a slightly soluble salt at a fixed temperature. Ionic 
concentrations arc nearly alwa\^ expressed in gram-formula- 
weights per litre, and the solubility expressed in the same wa\’ 
is equal to the square root of the solubility-product, provided the 
salt includes only two ions per Jonnuia-weight. 

In order to give some idea of the degree of constancy which 
car. be expected in the solubility-product we cannot do better 
than quote the results obtained by Neknst in 18S9, two years 
after the enunciation of the ionic tlieory by Arrhenius. If the 
solubility “product really is constant, the apparent solubility of 
any sliglitly soluble salt will be reduced by the addition to the 
solution of any salt with a common ion. It was widely known 
that this was generally true, but Nemst decided to carry out a 
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<juaiUitative test. He therefore determined the solubility of the 
slightly soluble salt silver acetate in strong solutions of silver 
nitrate and sodium acetate, and obtained the follo\ving results: 


!Ag-] 

[Ac'J 

[Ag'l |Ac'] 

0*0603 

0-0603 

0*0036 

0-1027 

0*0417 

0*0043 

015 V 

0*0341 

<1*0052 

0-2495 

0*0105 

o*o <>49 

00302 

0*1002 

o*oo3<) 

002^0 

01470 

0*0041 

0*02o8 

0*2508 

0 *(K >53 


More favourable results could be quoted from modem work, but 
those given are intertjstinp because they were the first mrasiirements 
of the kind. Notice that the biggest deviations from theory occur 
in solutions in which one of the ions is present in fairly high con¬ 
centration—M/4—and this is generally true of solubility-prodiut 
determinations. Since the calculalioits arc usually applied to 
salts much less soluble than silver acetate, agreement wjtli theory 
is very often more satisfactory than in the measurements hero 
quoted, and as we shall prcs<mtly sei', in the .study of precipitations 
a variation of several hundred per cent in the solability-})roducT 
will frequently make no difference detectable by exjjeriment. 

Two simple examples of these ideas may be given: 

1. Common salt may be precipitated from its concentrated 
solutions by pa.<^ing hydrogen cfiloride into them. 'Ihis is a 
well-knfiwn metluKl of freeing it from bromides and iodides, hul 
it must be pointed out that in addition to the solubility principle 
another effect is at work—the hydrogen chloride combines with 
the water and renders some of it incapable of acting as a solvent. 
That this ' dehydrating ' effect is very' important is shown by the 
fact that cold concentrated sulphuric acid precipitates sodium 
chloride as readily as does hydrogen chloride. 

2. S(xlium carbonate can be p^ially converted to caustic soda 
by prolonged boiling with lime. The reaction is: 

Ca(OH), I +CO/^CaCO^ i +2OH', 

and at equUibrium the solution is saturate<l with both of the 
slightly soluble subst€inces calcium hydroxide and calcium car¬ 
bonate. Let [Ca") and [Ca"l [ 00 /]--/^., then 

The reaction will therefore proceed until this con- 

dition is fulfilled, and as the solubility-product of calcium carbonate 
is much smaller than that of calcium hydroxide, the transformation 
can be carried out with some success. 


[OH'J^ A'l 
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The idea of the solubility-product can be applied to all solvents, 
but before considering in greater detail its applications to aqueous 
solutions we shall examine some of the peculiarities of water as a 
solvent, and particularly its ionization. 

Ionization 0! Water. —That water is ionized follows from tiie fact 
that its electrical conductivity cannot be indefinitely reduced by 
the removal of impurities, but tends to a minimum value. That 
its ionization is extremely small lollnws from the very low value 
of this conductivity. The purest water ever produced WiLS obtained 
m srtiull yield by Koiii,RAnscH and IlRYDWEiU.nK alter innelecii 
<]istillations in a platinum apjxiratus. When Iransfeired to a 
^iass ronrturtivity cell (which had been kept fiUc<l with conductivity- 
water for ten years to remove soluble impurities) it was found to 
have a specific conductivity ol 0*043 recij)rocal megohms at iK®. 
Assuming the dissociation to K: HjO^H d OH', and knowing 
the values of the mobilities of the hydrogen and liydroxvl ions as 
deduced from com!activity measurements, we obtain [ir)=“-[OH'] 
- 0’7bx 10*’. Thu law of inass-action can applied to so minute 
a dissociation, ami since the active mass of the undissociated water 
(owing t(j its enormous pre|)onderance) is a constant, we may 
write [H‘l [OH*]=o-6ixio-» The value of [H ) lOH j is called 
the ionic product of water and is iLSually denoted by A'*. The best 
values of this constant, obtained by the melluxls which wall be 
discussed in due course, are: 

•C, V iH 25 50 100 

A'wXio'* 012 0“59 1*04 5*50 51*3 

The Ionic Product of Water 

Prom these figures it appears that in pure water at 25“ only one- 
tcn-millii'ntli <•! the molecules are at any moment dissociated; its 
low' conductivity is therefore not surpnsiiig. The four principal 
methods of calculating the ionic pn>durt of water are as follows: 

(i) Fruin the conductivity of pure water, as above. 

(ii) F rom t he calaly t ic e ffee t of hyd r< igen and h yd ru xy I ions (p. 212). 

(lii) From measurements ol hydrolysis (p. 203). The degree of 

hydrolysis, as determined by exi)enment, is inserted in the 
equation (p. 204) connecting it with the ionic product of 
water and the dissociation-constant of the weak acid or 
base, which must be measured in separate expenments. 
The only unknown in this equation is then the ionic product 
of water, which can therefore be calculated. 

(iv) From E,M.F. measurements with a hydrogen electiode in 
acid and alkaline solutions (p. 258). 

These methods all give concordant results. 
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Acids and Bases.—It is chiefly to the fact that they have an ion 
in common with water that acids and bases owe the peculiar pn> 
perties in aqueous solution wliich make it necessary to consider 
them as separate classes of substances. Acids are usually taken to be 
substances that in aqueous solution liberate hydrofjen ions, bases 
substances that in aqueous solution liberate hydroxyl ions. That 
acidic and basic properties are closely connect^ with the presence 
of water has been shown by many ingenious experiments. A 
solution of dry hydrogen chloride in dry toluene will not liberate 
carbon dioxide from marble, nor will it act on iron, but as soon as 
a drrjp of water is added action begins. The precise connection 
between aridity and the nature of the solvent is still obscure, and 
will be further discussed in the section on the electron theory of 
valency, but in the meantime» for want both of adetjuate theory 
and of experimental data upon which to base it, the discussion 
will be confined almost entirely to aqueous solutions, and we shall 
find no inconvenience in a definition of acidity in terms of water. 

The chemical properties of acids are readily represented by this 
method. The solution of, say, zinc proceeds as follows: 

Zn4 2H'^Zn** + H, t; 

and of ^inc oxide: 

ZnO+aH-^Zn +H, 0 : 

while the action on zinc carbonate is: 

ZnCO-^+zH'^Zn * f-HjCOa. followed by HjO. 

Physico-chemical conceptions of what compounds may properly 
l>e classed as acids or bases have been much extended during the 
past thirty years, mainly owing to the initiative of Lowky in 
England and HrOnsted in Denmark. The typical property of an 
acul A is taken to be represented by the forward direction of the 
equation 

A^A'+H\ 

that is, an acid is regarded as a proton donor, A base R act s typically 
as a proton acceptor, according to the forward direction ol tlie 
equation 

B+HVBH. 

If this latter change occurs m aqueous solution, the removal of 
hydrogen ion will, in obedience to the equation 

[HI 10 W]^K. (see p. 191), 

cause the concentration of hydroxyl ion OH' to rise: that is, the 
liquid becomes alkaline. The functions of acid and base are con¬ 
jugated, for A' is a base, and BH* is an acid. Chemical compounds 
yielding hydroxyl ions, such as sodium or potassium hydroxide, are 
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strictly not bases, but * basigens/ for they liberate the true base 
OH'. Further, many compounds and ions not hitherto regarded as 
bases must according to these views be included in the class, e.g. 
acetate ion. Ammonia is included not on the doubtful ground of 
the formation of ammonium hydroxide NH|OH, but because of 
the reaction 

nh,+hvnh;. 

The class of acids must also be widened to include, for example, 
ammonium ion NH^'. One advantage of this modern view is the 
great simplification possible in the explanation of salt hydrolysis 
(p. 304). We can say that sexlium acetate yieltls an alk aline 
aqueous solution simply because it contains a base, acetate ion, 
and ammonium salts give acid solutions because they contain an 
acid, NH4. In dealing with non^aqueous liquids the facts can only 
be reduced to order by adopting such a broadened outlook as has 
been outlined, It must not be forgotten that suitable substances 
exhibit typical acidic and basic ^haviour in benrenc solution, 
wherein tficre can be no free existence of either hydrogen or hydroxyl 
ions. However, the practical chemist will no doubt hesitate to 
aband<jn the traditional ideas, which, it must be admitted, serve 
reasonably well ior ai|ueous solutions. The now views lead to 
alternative ways of applying the law of mass-action to weak bases, 
such as ammonia, in aqueous solution: from the equation 

nii,+hvnh; 

we derive the relation 

[NH. ) _ 

[NH,rfH-] "•’ 


but in aqueous solutions we must always have [H*] [OH']=A\: 
hence we find 


m,] foin 

f^H.] 




Heat oi Neutralisation.—The n<;utralizatioD of a strong acid by 
a strong base is simply; 

H-f-OH'-H,0. 


The same cannot be said of the neut^aU^ation of a weak acid by 
a weak base, 'fhe action of, say, acetic acid on ammonia must 
be written: 


CH,.COOH+NH,^H,.COO'-hNH4\ 


and we are really concerned with two successive changes. CH^COOH 
-**CH,COO'+H , and NH^H-H -^NHi*. If these considerations 
are correct, the heat liberated when one gram-molecule of a strong 
acid neutralizes one gram-molecule of a strong base should be a 



194 THEORETICAL AND iNOKGANIC CHEMISTRY 

constant, since in every case the action is the same, whereas the 
heat of neutralization of weak acids or bases will include the heat 
change on dissociation and will therefore be variable. This has 
been experimentally verified, and the very close agi cement between 
theory and experiment is strong evidence in favour of the dis¬ 
sociation theory. 





H'eak 



Acid 

base 

Cahne^ 

.4 fit/ 

Dusf 

Calontf 

HCI 

KOil 

'3.750 

ClljCOOH 

NaOn 

>3»^30 

HCl 

^a()H 

'3.7^0 

CHcijCoon 

NaUH 


UNO, 

KOM 

> 3.770 

H,Kh 

NaOH 


HNO4 

NaOII 

> 3.^5 
Hkats ok 

HV 

Neutrai.jzation 

NutUl 

lU.iyo 


For a]>pr<iximate calculations it is convenient to make Kw efjua] 
to I X10“'* at 25*. The ionic product of water is a constant, l^ejire 
the value of the hydroxyl iou amcentration is in acid solutions 
depressed below the small value of i0“’ which it has in puic water, 
and the same applies to the hydrogen ion concentration of alkaline 
solutions. Since it may be assumed that strong ackls and bases 
are completely dissocialetl in dilute aqueous solution, the calcula¬ 
tion is an easy one. Thus a M/ioo solution of hydrochloric acid 
has at 25® a hydrogen ion concentration of to-* and a hydroxyl 
ion concentration of 10^**, while a M/tooo solution of caustic soda 
has a hydrogen ion concentration of and u hydroxyl ion 

concentration of 10 -*. The hvJntgcn ion (OftccHlration occurs so 
frequently in calculations that a special symbol has I wen invcnied 
to represent it— pn —e<iual to the logjo of the true comcn Ira lion 
with the minus sign omitted. Thus />h 4*5 indiattes a hy(lr(»gen 
ion concentration of and so on. 


.\s an exercise we may calculate the value of a M/100 st'lution 
of acetic acid, Tlie dissociation-constant of this acid is i*^5X JO* ^ 


IH'] [CH3.COCVJ 


Since the hydrogen and acetate 


10ns have both been derived from the acid, [H*] —fCHj.COfVl, and 
since the degree of dissociation is obviously extremely small, we 


may without sensible error wnte fCHa.COOH 1 - ^ ^ Hence 


[H*]*^i‘85X io~’ or [H*]—4*3X Io■^ or =10* or, otherwise- 
expressed, />u=3*4. The solution has about the same hydrogen 
ion concentration as a M/2,500 solution of hydrochloric acid. 

PrecipitatioE.—We are now in a position to study precipitation 
from a quantitative point of view, and may begin with hydrogen 
sulphide on account of its wide use in the laboratory, particularly 
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in analysis. Hydrogen sulphide is a weak dibasic acid which 
dissociates in two steps, the constants at 2$^ being approximately: 


[H ] [HS-] 
(H,S 3 


=10 




and 


[IT] [S'] 
[HS'] 


'=10 


-IS 


As we shall not consider any complications which may arise from 
the presence of the HS' ion, it may be eliminated at once by multi¬ 
plying the equations together, obtaining the equation: 

[H,S] ~ • 

Hydrogen sulphide is therefore a very weak acid, and the con¬ 
centration of the i<ms is negligible in comparison with that of the 
undis.vx:isited molecules. In an aqueous sr»lution saturated at 25® 
and at atmospheric pn^ssure. fH-S] is al>out o*i. so that under 
these conditions 111 * 1 -[ 5*1 = Tliis equation controls tl^e 

precipitation of metallic sulphides from aqueous solutions. Ob- 
vinnslv the greater the hydrfH^en ion concentration (i.e. the acidity) 
the lower the sulphide iou concentration. Higli sulphide ion 
concentrations are only reached in alkaline solutions; this is because 
soluble metallic sulpliidcs arc largely dissociated, while hydrogen 
sulphide is not. Reaction with the water of the solution com¬ 
plicates the simple calculation, but it is }>ossible to deduce the 
following values for the sulphide ion concentration oi the solutions 
used in qualitative analysis: 


M/io (NH<).S . 


ZX10~® 

Water, safuiatct] at atmospheric 

pressure wilJi H^S . 

20-Jfl 

M/5 HCl 


20-« 


As is well known, the suits of Cu, Cd, Ag, Pb. Ilg, Hi, As, Sb, and 
Sn arc precipitated from arid solutions by hydrogen sulphide, 
whereas the salts of other comm<m metals are not. Taking M/io 
as an avtrnge value of the concentration of the cation, supposed 
bivalent, we know that the solubility-product o*i [S'] will just be 
reached when precipitation takes place. If, as above, the value 
of [S'] in the acid solution is those metals will be precipitated 

in acid solution whose sulphides have a sc»lubility-product less 
than io““. This is true of most of the metals mentioned: thus 
the s<jlubility-products of copper, mercuric, and silver sulphides are: 
rCu-J fIIg -3 fS']=..-TO-S4 [Ag*]a [S'] = io-«o 

Other metals (c.g. zinc) can l>e precipitated as sulphides from 
alkaline but not from acid solutions, and their solubility-products 
lie between 2Xio^*and 10* **. Some metals He near the border¬ 
line and may be placed in the wrong class if the acid concentration 
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is not carefoUy adjusted. Solutions of cadmium salts in strong 
hydrochloric acid are not precipitated by hydrogen sulphide, 
whereas zinc salts may come down if the acid concentration is not 
high enough; this is because the solubility-product of cadmium 
sulphide is only a little less than 10-** and that of zinc sulj>hide 
only a little more. Such a reduction in the hydrogen ion concen¬ 
tration may arise unexpectedly if the anion of a weak acid is 
present in the solution, bec^ause this anion absorbs the added 
hy<lrogen ions, which arc then not available to repress the ionization 
of the hydrogen sulphide. When, for example, dilute hydrochloric 
acid is added to a solution of zinc acetate the hydrogen ions of 
the acid form the vety slightly dissociated substance acetic acid 
with the acetate ions, leaving the hydrogen ion concentration of 
the solution not much affectc<l, and if the hydrochloric acid is not 
added in sufficient quantity to overcome this effect, zinc sulphide 
will be precipitated from the solution by hydrogen sulphide. 

Similar considerations apply 1 o precipitations with ammonia. 
\Vc have .seen that the equilibrium e<)ualion may be written 

where [NH^J represents the concentration of the 

ammonia dissolved in the solution. The value of the constant 
is about I•8xIO“^ so that in a M/2 solution of ammonia 

s=[OH')* 6 VO'S X k‘8xiO“*as3XiO“*. From this wo can sec which 
metallic hydroxides will be precipitated by such a S(jlution. Take 
magnesium as an example. In a M/5 solution of magnesium chloride 
[Mg**] is about 0'2, so that, if the solution is at the same time M/s 
in ammonia, |Mg*'] (OH']*=0'2X (3X i-8x This is 

greatly in excess of the solubility-product of magnesium hydroxide 
(1*5X 10“^*), which will therefore be precipitated. The precipita¬ 
tion, however, as is well known in qualitative analysis, can be 
prevented by the addition of a sufficient excess of ammonium 
chloride. The effect of this substance is to drive back the reaction 
NH3+II ^NH4’ to the left by providing an excess of ammonium 
ions. Suppose the solution is 2M in ammonium chloride. Then 
[NH4']—2. [NHa] as before is 0*5, and consequent I v [ 0 H'] = 

^-—5=4-5 xio“*. Then iMg**] lOH']*=o*2x (4 5 x lo-*)* 

s^o*4Xio'^*. This is below the solubility-product ol magnesium 
hydroxide, which should therefore not be precipitated. I'he older 
theory that the precipitation of magnesium hydroxide is prevented 
by the addition of ammonium chloride on account of the formation 
of double salts, though demonstrably incorrect, is still found in some 
works on analysis. 

Precipitations with carbon dioxide can be treated m the same 
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way. Thus calcimn carbonate cannot be precipitated by carbon 
dioxide from calcium chloride solutions because the concentration 
of carbonate ions from the reaction COj+HjO^H*CO,?:i2H’+CO/ 
is never sufficiently great for the solubility-product [Ca'] [COg'] 
to be exceeded. But it can be precipitate from solutions of 
calcium hydroxide (' lime-water') because the hydroxyl ions 
combine with the hydrogen ions provided by the carbonic acid 
and cause it to dissociate further, thus producing carbonate ions 
in sufficient concentration for precipitation to take place. 

Double Salts. —The nature of the ions that a s^t will furnish 
in solution is not always obvious from inspection of the formula, 
and must be decided by experiments on the solution. Salts 
containing more than one possible anion or cation can be divided 
into two classes: the so-called double sails and complex salts. The 
fonner give in solution the reactions of all the ions of their con¬ 
stituent salts, the latter may not. 

As an example of a double salt we may give the well-known 
compound ferrous ammonium sulphate, (NHJgSOi.FeSO^.bHgO, 
which can be precipitated from suitably concentrated solutions of 
ferrous sulphate and ammonium sulphate. In solution it gives 
the reactions for the following ions: NH**, Fe*', and SO4', and its 
solutions cannot be distinguished from solutions of its constituents 
mixed in cquimc’tccuiar proportions. The formation of double 
salts probably depends on space relations in the crystal: if the 
ions fit easily into the lattice togelhcr. a double salt may be pro¬ 
duced. Such substances must, however, be distmguishcd from 
solid solutions or mixed crystals in which the points of the lattice 
are indifferently occupied by one ion or the other. Double salts 
are true compounds and the arrangement of the ions within the 
lattice is identical in all parts of the ciystal, while the criterion 
of invariable composition is always observed. 

Complex Salts. —Complex salts do not give all the ions of their 
constituents in solution. If silver cyanide is dissolved in a solution 
of potassium cyanide, no precipitate of silver chloride can be 
obtained on the addition of a soluble chloride. The potassium 
ions are still present, but the silver ions are no longer in evidence, 
though means are known of demonstrating their presence in minute 
concentration. The vast majority of them have been absorbed 
to iorm argentocyanide ions in accordance with the equation 
Ag’ -f 2CN' ^Ag (CN)fOther well-known examples of complex ions 
are the ferrocyanide Fe(CN)^"" and the ferricyanidc Fe{CN)^''', pro¬ 
duced by the union of six cyanide ions (CN') with a ferrous or ferric ion. 
Complex ions are of very great importance in solution chemistry, and 
we shall therefore give a general account of their peculiarities. 

Uethodfl of Investinting Complex loni.— 'i'here is no sharp 
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distinctioij between complex ions like ammonium or fcrrocyanicle 
—which are so stable that it is diflicnlt to demonstrate the presence 
of their constituents in tlirir solutions—and such complexes as 
hydrated ions (e.g. Co.bHaO**), winch deconi]>osc comparatively 
easily. Generally speaking, complex ions of all classes are quite 
as stable in the solid stale as in solution, and in the crystal they 
can often be detected by the ordinary methods of X-ray analysis. 
Wo shall now descril>e the principal methods of detecting complex 
ions ill solution and of estimating their concentration. 

T. Chemical Tats for Constitiunis .—When ammonia is added to 
a solution of silver nitrate, the precipitate of silver oxide dissolves 
in excess of ammonia, and if enough ammonia is ])resent, con¬ 
siderable quantities of potassium chloride can be added without 
producing a precipitate of silver chloride. By making the experi¬ 
ment quantitative and airr^dng it out under various conditions of 
concentration it can be shown that the complex has been formecl 
by the union of one silver ion with two molecules of ammonia: 

Ag-t-sNlIas-^Ag.aNHj*, and that the equilibrium equation is 

^ The csinilihrium lies so far to the 

[Ag.2Mrljj J 

right that in dilute chloride solutions the solubility-product of 
silver chloride is not cxcomled. as can easily be seen by ralculalioii 
((Ag*] [C1'J“2X 30 "*®). But silver bromide is so mud) less soluble 
than silver chloride that a far smaller concentration of potassium 
bromide will produce a precipitate, while silver iodide, the least 
soluble of the three, is pre<tipitated in very low iodide concentra¬ 
tions. This inothod can be used to separate silver chloride from 
silver iodide, 'fhe usual explanation is that ' silver rldoride is 
more .«5oluble in ammonia than silver iodide/ but this is not a 


satisfactory way of stating the facts. 

Both the silver ion and the nnunonia molecules have had their 
properties entirely changed bv combination. The compound 
Ag(d.2NH<| is well known in the solid state, and is soluble in water, 
while its aqueous solution has strong basic proj>crtK*s, contrasting 
with the only weakly basic properties of ammonia. 

Both cyanide ions and ammonia molecules form stable complex 
ions with many of the metals. This property will be explain^ in 
Chapter XT, Among the best-known cyanide complexes are those 
with Cu, Ag, Au. Zti. Cd. Hg, Fe, Co, Ni, while the metals forming 
ammonia complexes include Cu, Ag, Zn. Cd, Ni. The composition 
and stability of these ions are very various. The relative stability of 
the copper and cadmium cyanide complexes is beautifully demon¬ 
strated in the analytical process for their separation. When the 
mixed copper and cadmium solutions have been treated with 
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potassium cyanide nearly all the copper is present in tlie cuprous 
condition as the very stable ion Cu{CN)3', while some of the ccicl- 
inium is present as Cd(CN)/. 'fliat the cupric ions have disappeared 
is evident from the colourless solution. If now ammonium sulphide 
is added to the mixture, a precipitate consisting entirely of the 
bright yellow cadmium sulphide is obtJuned, In sjiite of its very 
low solubility, copper sulphide cannot be precipitated from the 
cyanide solutions because they contaiu practically no copper ions, 
whereas the cadmium complex is less stable. 

1 mchlin(;‘s solution, so W'cll known in organic chemistry, is a 
mixture of copper sulphate, sodium potassium tartrate, and excess 
of caustic soda. Since the solution is jicrfectly stable, containing 
a large osccss of hydroxyl ions but giving no precipitate of cupric 
hydroxide, it must contain the copper in a complex ion. The 
fomiuia of the latter is j*, ami its colour dark blue. Copper 

sulphide can be precipitated from U with ammonium sulphide. 

2. Abnormally Hifih Solubility ,—When substances insoluble rn 
wnteT show considerable Mdubiiity in a solution with which tliev 
are not known Uf undergo a chemical reaction, the formation i>f 
ct)mplex€s may be inferred. We have already discussed the 
solubility of silver cliloride in ammonia; *^imilariy all silver salts 
will dissolve m cyanide solutions, the complexes Ag(CN)j' and 
Ag(CN),,' being, with the feno- and fcrricyanides, among the most 
St aide cyanid<' complexes known. Kven the highly insoluble silver 
sulphide ([Ag'J* [S'J —lO will dissolve in concentrated cyanide 
solutions, and for this reason ]>otassium cyanide is sometimes 
found as an ingredient in plate-powders, though its use for tliLs 
purpose is exceedingly dangcroas. 

Mercuric o.xide. though very insoluble in water, dissolves slightly 
in bromide solutions and readily in iodide solutions. Measurements 
of the solubility show that the action is HgO | 

+201-1' and that tlie equilibrium expression 

fairly constant in dilute solutions. (Since two hydroxyl ions are 
produced for every molecule of mercuric oxide that dissolves, the 
process is somt!times used in preparing stilulions of standard 
alkalinity: a weighed (juantity of the oxide is dissolved in excess 
of potassium knlide solution and the solution used for the stan¬ 
dardization of acids.) For the same reason, when excess of potas¬ 
sium iodide is added to the solution of a mercuric salt, the scarlet 
precipitate of mercuric iodide that is at first produced readih 
dissolves in excess to give a colourless solution: 


(i) Hg- +2r-^Hgi« I 

%carlet 


(ii) Hgl, I +2 l-Hgl/ 
scarUt colourless 
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Similar considerations apply to the solubility of cupric hydroxide 
in excess of ammonia to form the distinctive deep blue colour of 

the copper - ammonia ion (or 
ions). Quantitative investiga¬ 
tion of the system is dif&cult 
because some of the cupric 
hydroxide is in colloidal solu¬ 
tion. In the presence of excess 
of ammonia the ion is chiefly 
Cu, 4NH|'’ {cf. p. 201). 

Iodine, though only very 
slightly soluble in water, is 
much more soluble in hydro¬ 
chloric acid. The diagram 
(Fig. 64) shows that the relation 
between iodine solubility and 
acid concentration is a linear 
one. The point .\ ropro.scnts the 
solubility in pure water. Distri¬ 
bution measurements simitar 
to those described in the next 
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section show that the complex is Cll,'. Hence is constant, 

t J 

and it we assume that the 
increased solubility is entirely due 
to the formation of this complex 
ion the linear solubility relation 
follows at once, since [ClI,'] is 
negligible compared with [CT]. 

3. Distribution Method .—This 
is one of the oldest and most 
successful methods of investi¬ 
gating complexes, and has been 
used since the nineties lo examine 
the complexes formed betw^een 
iodine and halide ions. The 
stability of these complexes 
increases in the order chloride, 

9 I P 

bromide, iodide; and the solu- ^ 1-. 

i • j- • 1 ^ 65 DiSTRiBunoN or Iodine 

bility of iodine in solutions of between 13 rnzenk and AgoLous 

potassium iodide is put to Potassium Iodide 

const.int use in the laboratory. 

If these solutions are shaken up with a solvent such as benzene or 
carbon tetrachloride, immiscible with water, some of the iodine is 
extracted from the aqueous layer, but none of the ions (Fig. 65). Iodine 


Water L ayer 
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IS known to exist exclusively as diatomic molecules in both water 
and benzene, and consequently has a nearly constant distribution 
ratio between these solvents in the absence of complex-forming 
substances. By dividing the concentration in the benzene layer 
by this ratio it is therefore possible to calculate the concentration 
of iodine as Ig in the potassium iodide solution, and if the total 
concentration as 12 and Ij' is known, Ihc concentrations can be 

inserted in the equation -fj-l! ^«^con.%tant. This test is found to 

l*s J 

give satisfactory results, whereas aUeniative proposals, such as 

I2+2IVV or 2U+V^U\ 


give unfavourable ones. It is perhaps necessary to make it clear 
that the direct chemical method 
of investigating the equilibrium 
is bound to fail, since on analysis 
with thiosulphate, for example, 
the tri-iodide ion progressively 
decomf>oses as the iodine Is 
removed. 

Similar methods have been 
used in examining by distribu¬ 
tion experiments with chloro¬ 
form the copper-ammonia 
complex ion in the presence ot 
excess of ammonia. The 
diagram (Fig. 66) makes the 
method clear. 

4. Conductivily Method .—The 
changes in the electrical con¬ 
ductivity of solutions that complex fomiation brings about sometimes 
provide useful evidence Thus Ihi* addition of stannic chloride to 
hydrochloric acid reduces the conductivity considerably, a fact 
which points to the formation ol achloro-stanriate (p. 605) or some 
other complex: SnCl^-|-2Cr^=^SnCl/. The decrease in conductivity 
may be taken to indicate a decrease in the number of ions in the 
solution. Conductivity found its chief application in this field when 
Werner used it to elucidate the structures of the complex sails of 
cobalt, platmum, and other metals. These substances are more 
complicated than any we have hitherto considered and will receive 
fuller treatment later on when their structure is discussed {Chapter 
XI). Meanwhile we may briefly examine the series of substances, 
all containing bivalent platinum, whose formulae may be written: 
(1) Pt.4NH3.a2; (2) Pt.3NH,.Cl,: (3) Pt.2NH3.CI,; (4) K.Pt.NIIj.Cl,; 


Water l^yer 


Cu V 4NH3 ^Cu. 4 N 


NH 


Chl oroF o rm Laye r 
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(5) K2PtCl4, In the diagram (Fig. 07) their molecular conductivities 
at equal dilution are arranged in order. Since No. (3) does not 
conduct at all, it does not furnish any ions in solution, and the order 
of the conductivities of the remamder leads one to suppose that 
Nos. (2) and (4) have two ions each and Nos. (i) and (5) three each, 
The formulae are therefore tentatively written: (i) fPt.4NH3]+’^2Cl“; 
(2) [Pt.3NH3.Cl]^Cl-; (3) Pt.2NH3.Cl3: (4) KnPt.NH3.ClJ-; 

(5) zK'^LPtClJ—. At this \wui we notice (tf) that the chc-irges are 

CitTTixt. each platinum ion (-ous) 
contributing two positives, each 
clilorine ion one negative, and the 
amnirinia molecules nothing; {b) 
that this arrangeineni gives four 
ammonia molecules or chlorine 
atoms to every platinum atom. 
This regularity suggests that wc 
arc oil the right track, and our 
lews can be con fi r me d by c h emi c al 
tests for the ions alleged to be 
present. Thus Nos. (i)an<l (2) are 
the only .salts tliat give a precipitate of silver chloride wjih silver 
nitrate, and ni (1) the whole of the chlorine in the compound can 
be thus precipitated, in (2), however, only half of it. 

5. Transport —Abnormal transport numl>ers genenilly 

indicate complex formation, and unusually wide variations with 
dilution arc specially significant. Hittokk passed an electric 
current through a strung solution of cadmium ioditlc and tlien 
measured the concentrations of cadmium and iodide near the 
electrodes. He found that electroJvsis made little <iiffcrenre to 
the concentration of cadmium round the catlirxlc, whereas a large 
increase might l)e exj>cctcd, since when the current is passing nil 
positive ions move in this direction. On the other hand, the iodide 
concentration round the cathode had suflered a quite abnormal 
decrease. At high concentrations the Hitlorf Iransporl number 
of the cadmium was in fact negative, the iodine tran^]v>rt number 
greater than one. The explanation ot these anomalous results is 
as follows. Concentrated cadmium iodide solutions form ions 
Cdl^' which travel to the anode, each double charge being associated 
with four iodine atoms instead of the normal two, whereas for each 
cadmium atom carried in this way to the anode a normal cadmium 
ion Cd * travels to the cathode. Since these complexes tend to 
break up with increaj?ing dilution, the transport numbers also 
approach normality in dilute solutions. This type of auto-complex 
formation is also shown by the luilides of llie related elements zinc 
and mercury. Increase in concentration always increases the 
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proportion of complex ions in a solution containing auto-complexes, 
since auto<oniplex formation reduces the total number of ions, e.g.: 

Cd'+4lVCdI/. 

6. Freezing-point When iodine is added to excess of 

an aqueous solution of hydrogen iodide the freer.ing-point of the 
acid solution remains unchang^. Since the freezing-point lowering 
is a measure of the number of particles per cx. of solution, it follows 
that the addition of the iodine has left this number unchanged, 
Tlie observation is in conformity with the changes or 

but not with the changes or 

Other met hods have shown that the first suggestion is the correct one. 

7. Colour of Hit Solutions, — Many complex ions are strongly 
coloured. Such are the blue copper-ammonia and nickel-ammonia 
ions, and the innumerable complex ions containing cobalt. On 
the other hand the cuprocyanides are distinguished from cupric 
salts by their lack of C(»lour. By sp^^ctroscopic dctcrniinatioiis of the 
depth of colour it is possible to make estimates of the concent ra- 
fif)n of the complex present. An interesting example is afforded 
by the red and blue solutions of cobalt chloride. If the ordinary 
red solution of this salt is evapuruted it gradually becomes blue 
as the concentration iucrea-ses, and in recent years it has Ix;en 
suggested that the blue ions are C0.4H5O*' and the red ones 
Co.bllgO*’. lUit the question is complicated by the presence of 
CoCl^'' and possibly other ions, and has not yet betui definitely 
settled. It is also possible to measure absorption in the ultra¬ 
violet part of the spectrum, to which water is nearly transparent, 
and work of this kind has am finned Die existence of the tri-iodide ion. 

8. Electrode Polcnlial Mclltotl. —A discussion of this method 
must be deferred to Chapter VIII (p. 2bi). 

Hydrolysis.—Having discussed reactions that may occur between 
solute ions we must consider the nclions that may take place between 
solute ions and the ions of tho water itself. 'J'liLs restriction of 
the discusi^ion to water is unfortunately made necessary by our 
comparative ignorance of other solvents, but a short account of 
reactions in liquid ammonia will be found in the section dealing 
with that solvent (p. 393). 

Certain types of reaction between water and substances dissolved 
in it arc denoted by the general name of hydrolysis. As its form 
implies the term hydrolysis should be restricted to those reactions 
in which there is a separation of the hydrolysed substance into at 
least two parts: equation (a) represents the hydrolysis of chlorine, 
and equation (6) its hydration. 

CI 3 + H *0 -HClO-hH-hCr {a) 

Clj-f 8H,0=C1^.8H^0 (b). 
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Hydrolysis of salts can take place only when one of the ions of the 
solute is the anion of a weaJr acid or the cation of a weak base. 
Since a weak acid or a weak base is a substance whose molecules 
are only slightly dissociated in water, these ions will have the power 
of drawing hydrogen or hydroxyl ions respectively from the water 
to form the corresponding undissoriated molecules. An excess of 
hydroxyl or hydrogen ions is thus left in the solution, which there¬ 
fore becomes alkaline or acidic, and tins is the essential feature of 
salt hydrolysis. Solutions of salts of strong acids and weak bases 
are acidic, solutions of salts of weak acids and strong bases are 
alkaline. Solutions of salts of weak acids and weak bases may be 
either alkaline or acidic, according to which is weaker, or may be 
nearly neutral (e.g. ammonium acetate). 

First consider a salt BA, where HA is a weak acid but BOH a 
strong base, Then the action does not take place 

to any perceptible extent, whereas the action ir+A'-*^HA takes 

firi fA'i 

place to an extent governeci by the equation —r,*, where 

1 HA j 

Ka is the dissociation-constant of the acid. Let the dilution of the 
salt be V (that is, let one gram-molecule of HA be dissolved in 
V litres of water), and let a fraction x of the A' ions be combined 
with hydrogen ions from the water to form undissociated HA. 

1 X 

Then 1 A' 1 = y and |HA}—Now the concentration of hydro¬ 
gen and hydroxyl ions originally present in the water is negligible 
in comparison with the concentration of the ions of tlie added 
salt, but for every hydrogen ion provided by the water to combine 
with an A' ion, a free h^^droxyl ion must be left in solution. There¬ 
fore fOH']—[HAJ=-^. Kcmeiiibering that in all acjueous solutions 


fH] |OH']=sA'w. we have that 


z 


K 


w 


The fraction x is 


V{l^x) Ka' 

called the degree oj hydroiy&i$, and when it is small (as it often is) 






w 


y 


This 


we may write as an approximation V^ — or x- v 

y Ka Ka 

makes [H ] equal to VKa-Kw.V. By similar reasoning the degree of 
hydrolysis (when small) of the salt of a strong acid Luid weak base 

/K V 

(dissociation-constant Kb) can be shown to be v and the 

/Vb 

hydrogen ion concentration is then 's/ 
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These equations: 

and 

Ah- v 

can be used only for dilute solutions and low degrees of hydrolysis, 
but are of great practical importance. The student should note (i) 
til at the degree of hydrolysis and the hydr(^en ion concentration 
are both independent of the nature of the strong constituent; 
(2) that the dilution appears as a square root, so that the hydrogen 
ion concentration varies comparatively slowly with changes in 
concentration. As an illustration we may calculate the degree 
of hydrolysis and hydrogen ion concentration of solutions of sodium 
acetate at 25^ and various dilutions. 

The dissociation-constant Kx of acetic acid at this temperature 
is i‘8xio-® and /fw—In M/io solution, therefore, 




or 0*007 per cent, 


while [H’]«.Vi-8xio“*xio-‘*xibaar-3XlO‘*. 


Similar calculations at other dilutions give the following results: 

V ID 100 1.000 10,000 

X (per cent) 0 007 0*02 0*07 0*2 

[H'] 1*3 X J0‘* 4*2 X 10“* 1*3 X I0“® 4*2 x to“* 

These figures show how small is the hydrolysis of such a salt, even 
at high dilution. Nevertheless the alkalinity of sodium acetate 
solutions can easily be detected by tndicaiors, whose behaviour 
in solutions of varying hydrogen ion concentration must now be 
considered. 

Indicators.—Hydrogen ion indicators are substances whose colour 
changes rapidly with change of hydre^en ion concentration of the 
solution in which they are dissolved. It was early recognized that 
this change of colour was due to a change of ionization, and it is 
indeed found that all indicators of this class are either weak acids or 
we?k bases. We may suppose that the colour of the ions differs 
from the colour of the undissociated molecule: the more modern 
idea is that the molecule exists in two tautomeric fonns, one of 
which is fully dissociated while the other is incapable of dissociation, 
the undissociated form and the ions having different colours. 

Form A ^ Form B ^ Ions 

incapable oj fuliy coloured differently 

disfiociatxon dnsociated from A 
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Without disciissiug this suggestion we sliall represent the ionisation 
of an acid indicator in the simplest possible way: 

Hill veil'd In', 


supposing HIn, in whatever form it may exist, to be difTerently 
coloured iKiin In'. The hydrogen ion is, (d course, colourless. 

Let /\| be the dissociutiomconstant of the indicator, which is 

, , 111*3 [In'] ... 

4 weak acid, llien ‘•jjjjn’i --Ai. N<w as an approximation it 

is reasonable to supjiose Uiat the indicator will appear to change 
most strikingly in colour when the dilTerently coloured forms Hln 
and In'arc present inet|u;d roncenlralion. At ihisjxant Mii'J- i,Hlnj 
or |H J = /vi, Tins reflation is of finulamental niijiurinncc in 
the stu<iy of indicators. It tells ns that an indicator will eliange 
colour wlien the hydrogen km concentration of the solution is 
approximately wjua) to its own dissociation-constant. Tlie magni¬ 
tude of the dissociation-constant is therefore the most important 
properly of the indicator. A few valuta for common indicators are 
given in the table* 


hiUifaivr 

Dt^soi tahAt 7 -Con>ta 7 tt 

Methyl ocange 

4 X 1 l>“* 

Mf'UivI ivd 

IO"‘ 

liromlhymol blue 

10“’ 

llicnolpli lhalci n 

nr* 

‘r li y mol 1 ibtha Iri n 

10- 


Titration.—When a titration is to be carried out an indicator 
is required which will change colour when eejuivalent quantities 
of acid and base have l>ecii mixed. If troth acid and base .ire 
strong the resulting salt solution will bo exactly neutral, that is 
to say, its hydrogen ion and hydroxyl km concentrations will 
both be equal to But if either acid or base be w'eak the result¬ 

ing salt will be hydrolysed in solution, anti even though \ lie degree 
of hydrolysis may be small, yet the hydrogen ion concentration may 
differ consklcnibiy from 10“^; see lor example the taido showing 
the. hydrogen ion concentrations of sodium acetate solutions. 
Consequently bromthxmiol blue must be used only for strong acids 
and bases; for other titrations the hydrogen ion concentration of 
the salt solution at the equivalence point must be calculated and 
an indicator selected wdth a dis.sociation-conslant approximately 
equal to this value. An example will make this clear. When 
equal volumes of M/5 acetic acid and sorlium hydroxide have been 
mixed, the resulting solution is M/10 in sodium acetate. Wc have 
already (p. 205) calculated the hydrogen ion concentration of (his 
solution to be 1*3 phenolphthalein changes colour very near 
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tliis concentration and this is the indicator that must be used. The 
hydrogen ion concentration is so sli^litly affected by the dilution of 
the sodium acetate that we shall alwa>^ be correct in selecting this 
indicator for the titration of sodium hydroxide {or any other strong 






FiG. 68 . Titration Cvhvis 


base) with acetic acid (and most other weak acids), but at very great 
dilutions the determination of the exact end-point will be difficult 
whatever indicator is used. 

The changes that take place in the hydrogen ion concentration 
of a solution near the end-point of a titration can be brought out 
very clearlv bv a graphical method (Fig. ^>8). In any titration it 
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js esseiJtiaJ that the hydrogen ion concentration should at the end¬ 
point change very rapidly as the acid is addeeJ. If a smaJ) addition 
of acid docs not bring atout a considerable change in the liydrogen 
ion concentration, the indicator will alter in colour gradually instead 
of showing a sharp change on the addition of a single drop. The 
diagrams show the changes that take place in the hydrogen ion 
concentration near the equivalence point (2 per cent on either side) 
when various M/io acids are added to 25 c.c. of various M/io bases. 
A sharp change in the colour of the indicator takes place only on the 
flat parts of the curve. From these examples the following rule.s 
for titration can be drawn: 

(i) Strong aetds and strong tnises: any indicator from to 

(ii) Strong acids and wak leases, methyl red or methyl orange. 

(iii) Weak acids and strong luises' phenolphthalein or (for very 
weak acids) Ihymolphthaiein. 

(iv) Weak acids and weak itases' this titration cannot be success* 
fully carried out with anv iiulicator. 

Buffer Solutions.— If to the solution of a hydrolysed salt one of 
the products of hydrolysis is added (e.g. acetic acid to sodium 
acetate), the hydrolysis is repressed in accordance with the law of 
mass-action. Such mixed solutions have the useful property of 
showing very slight changes in hydrogen ion concentration on 
dilution or on the addition of small quantities of strong acids or 
bases. For this reason they are termed ' buffer solutions/ and are 
used when it is desired to k(*<'p the hydrogen ion concentration at 
a fixed value. They are much more suitable for this purpose? than 
very dilute solutions of strong acids or bases, which are sensitive to 
the smallest traces of impurity derived from dust or the vessel in 
which they are contained. The mode of action of such a buffer 
solution as a mixture of sodium acetate and acetic acid is not 
diflicult to understand. If a little of a strong acid like hydrochloric 
acid is added to it, the hydrogen ions of the added acid are absorbed 
by the acetate ions to produce more acetic acid, and the dissociation 
of this substance is so slight that a smaU increase in its concentra¬ 
tion has no great effect on the hydrogen ion concentration of the 
solution. If, on the other hand, caustic soda is added, the hydroxyl 
10ns react with hydre^en ions from the acetic acid, leaving an 
increased concentration of acetate ions in solution. The weak 
acids principally used in the preparation of buffer solutions are 
citric, lx)nc, acetic, and phosphoric. 

A set of such solutions can be made up with standard hydrogen 
ion concentrations (e.g. io“* lO"* lO'*, etc.), and if a small quantity 
of the same indicator is added to each, the range of the colour 
change can be effectively demonstrated. 
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Mixed Indicators.—In recent years much progress has been made 
in the preparation of mixed indicators, which show a series of 
colour changes over a large range of hydrogen ion concentration, 
or alternatively show a sharper change at a given hydrogen ion 
concentration than a single substance can do. Thus Smith re¬ 
commends a mixture ol methyl orange, methyl red, bromo-thymol 
blue, and phenolphthalein, which has the following colours: 

^ 3 4 5 7 S 0 io ji 

Colour i<c(i K«hJ* 0 taupe Vet low Yellowish* Greenish* Ulvic V'jvlet Reddish 
orange blue violet 


Such mixtures are much used in applied chemistry for the rapid de¬ 
termination of hydrogen ion concentrations. A mixture of methyl 
orange with a blue dye unaffected by changes of p\\ ('screened* 
methyl orange) has colour changes mon^ obvious than those of the 
plain indicator. 

Measurement 0! Hydrol3^.^The degree of hydrolysis of a 
solution, like any other form of chemical ef{uilibriuni, cannot be 
directly measured by chemical analysis, since removal of any 
one of the reactants or products disturl>s the equilibrium, From 
what has aheady been said it will readily be understood that tlie 
measurement of hydrolysis really amounts to the measurement 
of hydrogen ion concentration; lor the degree of hydrolysis x, the 
dilution y ot the salt, and the hydrogen ion concentration are 

connected by the simple relation x*s(H’]K or ^ , 

i 

according to whether the hydrolysed solution is acid or 
alkaline. Some account may now be given of the methods 
employed. 

I. The Indicatijr Method .—The hydrogen ion concentration of 
the solution is estimated by observing the tint which a suitable 
indicator takes up when dissolved in it, or a buffer solution is 
prepared in which the indicator has the same tint and whose 
hydrogen ion concentration can be calculated. Owing to the 
difficulty of exactly matching colours by eye the method is not 
an accurate one, but various colorimetric devices are available 
and at-e of some assistance, llic effect that salts have on the 


colours of some indicators is also a source oi inaccuracy. 

2. The Conductivity Method .—This is one of the oldest, and 
remains one of the best, methods of measuring hydrolysis; in 
its improved form it is due to Bredig. It can, however, yield 
useful results only with salts whose solutions show considerable 
hydrolysis, say of the order of 1 per cent or more, and has there¬ 
fore been chiefly applied to the salts of organic bases, which 
frequently have very low dissociation-constants. 
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Consider a solution of aniline hydrodiloride, CeHa.NHj.HCl. 
This salt yields the ions CgHg.NHa* (' anilinium ') and C\\ and 
on account of the weakness of aniline as a base, hydrolysis takes 
place and the solution has a pronounced acid reaction. The disso¬ 
ciation constant for aniline is expressed as 



Fig. 69 Conductivity op Aniline IIydkochi.ohiuic Solutions 

If X is the degree of hydrolysis of the hydrochloride at a dilution 
V, the concentration of the various ions is: 

and the equivalent conductivity at this dilution will l)e: 

Av“ (l— 

where fj. represents the mobility of the ion at this dilution. Since 
the hydrogen ion moves very much faster than the anilinium ion 
that it partially replaces, the equivalent conductivity of aniline 
hydrochloride solutions rise abnormally rapidly with dilution. 
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It is possible from the obsen^ed values of the conductivity to 
calculate the degree of hydrolysis directly, but it is better to proceed 
as follows. Add to the solutions enough aniline to repress the 
hydrolysis to a negligible amount (quite a small concentration is 
enough) and measure the conductivity again. The ionization of 
the added aniline is so small that the conductivity of its ions can 
be entirely neglected and the aniline hydrochloride now behaves as 
a non-hydrolyscd salt, its equivalent conductivity Ay' being repre¬ 
sented by the simple expression Av'=maii*+mcj'- The diagram 
shows the conductivities of the hydrolysed ajid unhydrolysed salt 
plotted against the stpiare root of the equivalent concentration 
(p, 149}; only the latter gives the normal linear plot. The difference 
between tlie two equivalent conductivities at any dilution can now 
be read from the graph, tlu* calcnlatccl value l>cing: 


Ay-MAu), whence x- . 


The values of fw are known from sep«irale experiments, 

and can without serious error Iw made equal to the mobililif*'^ at 
infinite dilution, so that x can 
be calculated with considerable 


accuracy. 

3. Tke Disirihiftion Mdhod.- 
Aniline hydrochloride will coritinne 
to servo as an example, li an 
aqueous solution of this salt l)C 
shaken up with benzene some of the 
aniline will be extracted, but none 
of viic remaining solutes. The dis¬ 
tribution ratio of pure aniline l^e- 
tween benzene and water may W 
measured in separate experiments, 
and it is found that the aniline is 
unimolecular in both phases. Con¬ 
sequently the concentration of fix'O 
aniline in the hydrochloride solution 
can be calculated by analysuig the 
benzene layer at equilibrium and 
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11 
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dividing by the ciisiribution ratio. 

The concentration of the other ions can then be woikcd out by 
difference, and the dissociation-constant calculated tiuni the 
equation: 


lAn] [OH') 
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Notice that the degree of hydrolysis can no longer be calculated 
from the hydrogen ion concentration by the simple equation 
[H*]F, because aniline has been withdrawn from the solution 
and the degree of hydrolysis tlicreby artificially increased. This 
increvise in the natural hydrolysis is in fact one of the experimental 
advantages of the method. 

4. The Freezing^oint Mctiiod. —Hydrolysis of a salt increases 
the number of solute particles. Thus, if BOH is a weak base, 
the salt BA will bo hydrolysed as follows: 

B‘+H. 0 ^B 0 H+H\ 

and for each B* ion thus consumed a hydrogen ion and a BOH 
molecule are produced. The freezing-points of sohilions ol hydro¬ 
lysed salts are therefore abnormally low. On account of the 
variation? from ideal behaviour shown by the freezing-points of 
all electrolytes, most of which are in only moderately gooii agreement 
with the lree7ing-i>oint relation as iiKKlificd to include dissociated 
substances, this method is not very preciw. 

5. The Catalytic Method. —The hydrogen and hy<iro.xyl ions are 
both distinguished by great catalytic activity. The velocity of 
actions that they catalyse has usually been found to be propor¬ 
tional to the concentration of hydrogen or hydroxyl ion, as the 
case may be, and the hydrogen ion concentration of ihc solution of 
a hydrolysed salt may be estimated by observing the speed of a 
suitable read ion in it. Such reactions are the saponification of 
methyl acetate or ethyl acetate (in itself a hydrolysis) whereby an 
alcohol and acetic acid are produced: 

CH3,COOC,H^-i-H,O^CH,.COOH+C,HtOH. 
or the decomposition of diazoacctic ester: 

N2.CH.COOC3H,+H,O^H,(OH).COOQH,-PN2 t. 

The first can be followed by titrating at intervals the acetic acid 
produced, the second by gasomelry. The inversion of sucrose is 
also catalysed by hydrogen ions and can be followed with the 
polarimeter. 

In spile of the indirect nature of this method, it has been used 
with great success on the salts of weak bases (such as urea hydro¬ 
chloride). which may be 50 per cent or more hydrolysed. I'or 
lower degrees oi hydrolysis it is not so suitable. By an ingenious 
modification of the method it is possible to calculate the concen¬ 
tration of hydrogen and hydroxyl ioiib in pure water by observing 
the speed of one of these reactions in the pure solvent, and hence 
to calculate the value of the ionic pnxiuct of water, 

6. The Electrode PoUntial Method of measuring hydrolysis will 
be explained in Chapter VIII, p. 262. 
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Eonogoceotis Catalysis. —Wc must now turn to the subject of 
homogeneous catalysis, which is best approached by a consideration 
of catalysis in solution. Heterogenctms catalysis will be discussed 
in connection with surface chemistry. It may seem strange to 
separate what appears to be one subject into two divisions according 
as the phenomena considere<l occur in one phase or two, Experi¬ 
ence has, however, shown that liomogencous and heterogeneous 
catalysis are probably phenomena of a fundamentally different 
kind, and that although certain ideas can usefully be applied to 
both, yet an artificial simplification of the subject is likely to lead, 
and indeed more than once has led, to confusion. 

Catalysis is an effect by which certain substances calle<! cataly&is 
influence the velocity of a chemical reaction but are themselves 
unchanged in quantity and chemical composition at the end of it. 
While different authorities use the word in slightly different senses, 
we shall define it with the help of the following criteria: 

(i) A very small quantity of catalyst must be enough to produce 
a noticeable effect. 

(ii) The catalyst must be unch«anged in quantity and chemical 
composition at the end of the reaction. 

(iii) The catalyst must not alter the final state of equilibrium, 
but only the speed with which it is attained. Since the idea 
of dynamic equilibrium implies equal speeds for the forward 
and back reactions, it follows that: 

(iv) The catalyst influences the speed of the forward and back 
reactions to the same degree. 

When wc come to consider the energy relations of chemical change 
in the next cha]>ter, wc shall see that it is impossible that a substance 
unchanged in quantity and composition at the end of a reaction 
should have any effect on the equOibrium attained in it. The 
third criterion is therefore a necessary consequence of the first 
two. but for the time we shall find it convenient to retain it,^ 

There are innumerable examples to which these criteria can be 
applied. When potassium iodide is added in small quantity to 
hydrogen peroxide solutions the peroxide decomposes into water 
and oxygen, leaving the potassium iodide unchanged. Acetylene 
combines with water to form acetaldehyde in the presence of 
mercuric sulphate, but not otherwise: C2lIj-(-ll20=CIl3.CH0. 
The catalytic acti\dty of hydrogen and hydroxyl ions has already 
been briefly mentioned, and we may discuss one or two instructive 

'To misconceptioQ, it should be observeil tliac sucb ineucDCf!S a-i 

heat and hgttt, since they are not maCcnaJ subsiaoces. are of course not to 
he included 10 the term catalysts. 
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reactions in which the applicability of the third crilerion--unaltered 
equilibrium—has at one lime or another been questioned. 

The velocity of saponification of ethyl acetate in dilute hydro¬ 
chloric acid is directly propc*rlional to the acid concentration, but 

u rv • ICHj.COOH] fCgH^OH] ^ 

the cquihbnum expression *—i/i .--y-Txk/'-Vr i —■ appears Lo dillrr 

slightly according to flic concentration of hydrochloric acid used 
as catalyst. It has, however, been pointed out thnt in calcnlatirig 
ihi.s expression the n >n cent rat i(»n of the water, wliich is present 
in excess, has been assumed constant, whereas some ot il is un¬ 
doubtedly combined with the hydrochloric acid catalyst; this 
explains the slight variation in the jHJMtioii of equilibrium wifi) 
i 1 h; acid ctmcenfration. Again, several reactions arc known of 
which the course, and not mere'ly the velocity, can bo altered by 
the use of suitable catalysts. Tlius, w'lien toluene is acted on by 
rhlonne in the nbscmoe of a catalyst, Unixyl chh»ride is produced 
L<*I), but in the presence of such substances as iron or 
iodine, the proiluct is a mixture of ortho- and para-chlorotoluenes 
(CH:,.(.\H4.C1). It is generally sapjioscd that in such reactions true 
equilibrium is not reached, and that one at least of the idteniativc 
pnaiucts i.s metastable. Instances are known in which a reaction 
takes a different course in different solvents, c.g. in liquid auimonia, 
but not in water, calcium nitrate and sodium chloride will produce 
a precipitate of calcium chloride. It is. however, obvious tliat a 
solvent, which must Ik present in comparatively large proportions, 
cannot possibly be brought into line with the usual dclinilion of a 
catalyst. 

The Intermediate Compound Theory.— Most of the knowm examples 
of homogeneous catalysis may be accounted for bv suj>posing 
(ti) that the catalyst forms an intennediate cumpKiund with one of 
the reactants. (6) that this intermediate compound reacts more 
rapidly than the original substance, and (c) that the catalyst is 
recovered in the change (the 'intermediate comixjund theory’). 
This explains tiic observed fact that the reaction velocity is usually 
proportional to the concentration of catalyst, and the intermediate 
comjwund in some catalysed reactions has been isolated. Thus 
Fricdel and Crafts* reaction between aromatic hydrocar tons and 
organic halides takes place when the system includes anhydrous 
aluminium chloride r 

C4lI,+C,n5CI[H-Aia3]=CelI,.CJl5+HCl[+AlCl3], 


«‘\nd compounds iKtween the alkyl halides and aluminium chloride 
have been isolated. 11 le yield is much reduced by the jjrescnce even 
of quite small amounts ot water, presumably because water reacts 
with aluminium chloride and destroys its activity. We sl^all 
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revert In this point when we come to inhibiton, or negalive 
catalysts. 

In sonic eases the intermediate compound can actually be seen. 
Hydrogen peroxide solutions are unaffected by either cobalt chloride 
or sodium potassium tartrate, but addition of both together to the 
boiling solution causes a bright green compound to be formed, 
which afterwards decomposes, liberating oxygen and carbon 
dioxide, and leaving the pink cobalt salt in solution. In (his 
reaction the cobalt ion is the catalyst, since the tartrate is con¬ 
sumed. The view that in catalytic reactions the catalyst undergoes 
a reversible chemical change is supported by the unusual catalytic 
activity of compounds of certain metals (such ;is iron, cobalt, 
or platinum) which exhibit variable valency, but there is no reason 
to .suppt)S€ that the formation of intermediate compounds is not 
ct[ually the explanation of the catalytic activity of the hydrogen 
ion. It has already been emphasi/c<l that the proton has the power 
of attaching itself to neutral molecules: H^O-l-AriAH H-HgO. 
In aqueous solution the catalytic }K»wcr is somewhat blunted by the 
water molecules that are almost certainly associated with it, and an 
enormous increase in the velocity of reactions catalysed by hydrogen 
ions is observed when absolute alcohol is substituted for water as 
the solvent. The addition of traces of water to the alcoholic 
scjlution immediately reduces the catalytic activity of the hydrogen 
i<in, and it has also been observed that the addition of traces of 
water to a solution of hydrogen chloride in ethyl alcohol causes a 
large decrease in the electric^ conductivity. 

Intensive Drying* —Special considerations apply to the catalytic 
activity of water itself, which appears to be unique in influencing 
not only chemical changes but physical changes as well. While 
it had been observed as early as the eighteenth century that dry 
carbon monoxide would not bum, the principal investigations of 
watcr-catalysis are due to Baker. We shall first consider the 
effect on the physical properties of substances of the exclusion of 
all traces of water. Water is present in all chemical systems 
unless very rigorous steps are taken to exclude it. Modern technique 
is based chiefly on healing the glass apparatus nearly to fusion in 
a vacuum and on the use of phosphorus pent oxide over periods of 
several years as a desiccating agent. 

Some of Baker's most remarkable results are concerned with 
the effect of intense drying on the melting- and boiling-points of 
pure coniix>unds. The liquids were sealed up in distilling-flasks 
for nine or ten years in contact with phosphorus j>entoxide, which 
was sometimes in the liquid, sometimes out of it. At the end of 
this period ♦he tip of the side-tube was broken under dry mercury 
and the boiling-point determined by thermometers in the liquid 
\{ 
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ai)(l jn Xha vapour. All the liquids showed a marked increase in 
boiling-point. Mercury boiled at 420® instead of 358^’, ethyl ether 
at instead of 35", benzene at instead of 80®. Although pre¬ 
cautions ha<l Ix^en taken to avoki suiXThcating tlie liijuids. the 
two thonnumeter.s showed diflerenl tem|>eraturos. 

On exposure to llie air the cliflerent liquids reverted to their 
normal protH-Tlies witli vcr\’ different speeds—the alcohols very 
quickly, ether in a day or two, Ix'nzcne not for several days. The 
new pro{)crtHiS o1 the Unizene weie indeed astonishiiiglv persistent; 
It was actiiallv found that it did not IwmI when a lower layer of 
water was boiled through it. 

Other physical measurements were carried out on the dried 
liquids, with rernaikablc results, for though the surface tension 
and vafH)Ur density were found to have sufferer! notable duin^es, 
the density the li<|ujd appeared to be the same as before. 1‘he 
boiling-point, .surface tension, and va|X)ur-dcnsitv results all 
indicate that the effect of intensive drying has been to increase 
tiic degree of assexuation of the liquid, and if this is the explanation 
it is very odd that the density of the Ikjuid should remain unchanged. 
It must be remenil)ered that the validitv of Baker's results is 
not yet certainly established, and that many attacks have been 
ma<le on them Lenhek attributed the alleged rise in boiling- 
jX>intb to suix*rheatiiig, and by ad<opting Baker's mclhotl of heating 
in a bath was able to heat benzene to iof>* without boiling it if the 
liquid was first freed from dust (but not from water). In another 
of Baker's experiments two platinum plates at a potential difference 
of 400 volts were placet! in benzene and a rise in btiiliug-point 
observed; but Smits was not able to confirm this result. Some 
workers have confirmed the rise in boiling-jxunt on inteiLsive 
drying, others have denied it. The technique is difficult, and we 
may have to wait some years before the question is definitely 
settled. II Baker's results are finally confirmed they arc likely to 
have much effect on the development of chemical theory. Never- 
theles.s, the tendency of the most recent investigators is to attribute 
the apparent rise in the boiling-points of intensively dried liquids 
to superheating. 

While some of these physical experiments are still open to 
question, the chemical activity of water as a catalyst is firmly 
established. In the absence of water, sodium or potassium can 
be distilkxl in oxygen without combination, and sodium, mag¬ 
nesium, or zinc can be raised to a red heat in chlorine. A mixture 
of hydrogen and oxygen can lie heated to i.ooo'^ C. without explo¬ 
sion. Dry ammonium chloride volatilizes extremely slowly on 
healing, although the vaix>ur is completely dissociated. There 
is, however, one important feature of water catalysis that must 
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be emphasized, namely that it is restricted to lieterogeneous or 
photodiemical reactions. There are a lew homogeneous reactions 
that take a different, and sometimes a more rapid course, in the 
presence of water, e.g. the combustion 0/ carbon monoxide, which 
in the presence of steam follows the course: 

C 0 +H 50 =C 0 «+H 8 . 2Hj+02^.2Hp. 

In general, however, reactions catalysed by water are either explo¬ 
sive or heterogeneous and there Is no good evidence that a 
homogeneous reaction (excluding photochemical changes) that 
proceeds at a measurable rate in the presence of water has ever 
been stopped by intensive drying. Inieusive drying in hetero¬ 
geneous systems will bo further discussed in Chapter IX. 

Negative Catalysis.— -Catalysts may sometimes retard reaction 
velocity. Such negative caiiUysts are sometimes cnlled inhibitors. 
Here again we must distinguish between homogeneous ;ind hetero- 
gent'ons systems. In homogeneous systems the inhibitor probably 
combines cither with one of the reactants or with s*)me po.siti^’e 
iiitalyst that may bo ]>rescnt (compare the effect of water on 
iTicck'l and Crafts' reaction, p. Just as in positive catalysis, 

a niiiuile amount of the active snl>stancc can produce rnomious 
effects. The rate at winch sodium Milphite solutions alisorb 
o.Kvgcn from the air can be reduced by ()9 per cent by the addition 
of 0*000005 nn)hxr brucine hydrochloride. SimQarly the o.xiclation 
of beiizaldchyde is much retarded by a trace of suljffmr. The 
cluun-rea(*tinn theory has lxH*n used to account for negative cata¬ 
lysis. 'illus the reaction l)etwcen liy<lrogpn and chlorine in 
sunlight is suppos<'d to t.ikr place when a hydrogen or chlorine 
n\oictulc is split into atoms; each atom then starts a reaction chjiin 
wliich continues until two atoms of the same element recombine: 

CI.--2CI Cl-I H.- HCl+H. U+Clg^ilCl+Cl, etc. 

The retarding cfft^ct of oxygen is allrihutod to its power r){ inter¬ 
fering with Uie propagation of the chains. 

An iiUerrsling example of negative catalysis is afforded bv the 
' anti-l<nock ' comjxmuds, snch as lead t et methy1, 1 ((' 211:) j. 
that arc nowadays frci|uenlly added to ]>ctrol. ‘ Knocking * is 
Ix’lievi'd to l)c due to the (leconi|Xisition of certain unstable per¬ 
oxides formed from the hydrocarlxnis of the petrol and oxygen 
Irom the air. lliese peroxidas start miction chains which result 
in the foimation of more |>eroxKlc, and the anti-knock compound 
is supposed to bring these reaction chains to an end by itself reacting 
with the peroxides. 

Promo^ Action.—Catalysis of the second iletff't'e also known, 
in which a second substance, called a promoter, increases the activity 
of the catalyst. It is frequently found that a mixture of two 
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substances is a more effective catalyst than either separately: 
thus traces of iron usually increase the catalytic activity of copper 
and cobalt salts. The intermediate compound theory is probably 
the best available explanation of these phenomena, but the student 
should be on his guard against * explanations *—of which the 
lilerature of chemistry contains a great numl>er—in which without 
c\udence the formation of unknown complexes is assumed. Such 
tlieories must rtmain provisional until it can be shown that stich 
complexes can lx‘ formed under the conditions of tlie cxi>erimcnt, 
that they do ciitalyse the reaction, and that they arc unstable. 
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i>t Uiuroiodynamics -The Oihlw-nelnihotlr c<)uation—Free energy acid 
chemical cliangi—Th^ law ol muss^act um and the free eneigy of cliemical 
rcrtctuHi—The rflect of chaiiite ol temperature on chemical efiuilibrium— 
Sv^ems at constant pressuri*—The fret* energy of fonnnlion—The cquiii- 
hnuni ( cmstarits Hf and iCr^Tlie kinetic theory aod I he isocbore^Euergy 
ot activation-' I'lxplfKive reactlonji—Applications of the isochon*—'Kircli- 
hofl's equation uml the Neinst heat theorem - Application^ of the Nernst 
henf Hifforcm 


Thermodynamics.—We have hitherto based our treatment of 
chemistry almost entirely on the molecular theory, and witli the 
help of the kinetic view of matter have l)cen able to begin the 
discussiem of the equilibrium between different kinds of matter. 
Wiile this method is instructive and illuminatitig, it ls frequently 
marred by lack of rigorous treatment and proof, This shortcoming 
is mainly due to the prominence necessarily accorded to the question 
of chemical mechanisms. In so far as we are still uncertain or 
ignorant of manv of these, laws deduced from molecular-kinetic 
postuLiies alone ^vill forfeit a certain degree of authority. It is 
therefore fortunate that there is another way of ap]>roach—the 
thermodynamic. Thermodynamics is a sc ience that deals witli the 
energy effects accompanying chemical and physical changes by 
methods which are quite independent of any theories as to the con- 
.stitution of matter, and theiefore of chemical mechanism. Just as 
the science of exact chemistry dales from the discovery of the Law 
of the Conservation of Mass, so does the science of thermodynamics 
owe its progress as an exact study to the great discovery of the Laxa 
of the Conservation of Energy by Mayer and Joule. 

Objects of Chemical Thermodynamics.—^The idea of energy is 
less readily grasped by the mind than the idea of matter, and 
since the methods of thermodynamics tend to be highly abstract 
most beginners find it a difficult subject. The majority of kinetic 
explanations can be assisted by mental images or models, but this 
is not true of thermodynamical reasoning, which indeed frequently 
abandons even the idea of energy to discuss properties still harder 

210 
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to associate with the world of the senses. TJiese difficulties should 
not deter a beginner from the study of the subject, but before he 
begins it he should understand exactly what it h«is to offer him 
and what the problems are which he is attempting to solve with 
Us aid. 

The history of chemistry* in the last century and a half has 
shown an increasing preoccupation with the reasons for chemical 
change rather than with the collection of now facts. Wliercas 
the early triumphs of the chemist were concerned with the pre¬ 
paration of a new substance or the discovery ol a new reaction, 
modem reseatch has attempted to discover new principles by 
vAxkh whole series of such ol'JscT^'ations can l)e explained. The 

doctrines of the indcstructibilHv of matter and of the ate uni c 

• 

theory marked great steps f(»rward. but since there was no in forma* 
tion-** and only a few inaccurate hypotheses—aIxait the nature of 
atoms, it was not jx>ssible to explain, but merely to observe, their 
behaviour, lly studying the energy relations of chemical cluonge 
it is jH)Ssil)Ic to understand much that must otherwise remain 
obscure, and in particular to form some ideas of the great problem 
of chemical affinity; Whv will sijl>sfance A react witli .substance 
13 but not with substance C? In the following pages we shall 
examine as simply as i>ossihle the application of a few fundumentul 
thcmKalynamical principles to chemistry, but the student must 
bear in mind that a thorough grasp of thermcKlynainics can only 
be acquire<l by a prrhniinary study of the simpler sy aems m 
which only one omii»onciit is pre>cnt. 

The Hecbanical Equivalent erf Heat.—It was a chemical ol)bcr\’a- 
tion that first led to the calculation of the mechanical equivalent 
of heat. Maj'Cr, a young Gcnnan doctor with very lillie Iraimug, 
was sent on a voyage to Java, and in the course of his duties had 
(Occasion to bleed the crew soon after they reached the tropics. 
He was struck with the unusually bright red tint of their blood, 
which indicated a dccrciuse in the conbuinplu'ii oxygen, and 
asked Inmsdf why a man should require a smaller diiily amount 
of oxygen in the tropics than in Germany. ThLs led him to con¬ 
sider the energy released when food was consumed in the b(nly, 
and in 1842 he was able to make the first estimate of the inuchaiiical 
enjuivalent of heat. Joule's later and more acruiate determination 
by the physical method is familiar to all students of ])hysics. 

Energy of Reaction.— I hc most obvious sign that energy is in¬ 
volved in chemical change lies in the great quantities of heat 
liberated in certain common reactions. Wlien a single gram r>f 
hydrogen is burned it liberates more than 30,000 calories—enough 
to raise about half a pint of water from room temperatme to the 
boiling-point. When a mixture of aluminium powder and iron 
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oxide is ignited the temperature rises above the melting-point of 
most of the common metals: a fact that is made use of in welding 
steel rails together. Such reactions are called exothermic. The* 
absorption of lie at when a reaction takes place is loss common 
and the quantity of heat involved is usually much smaller, but 
such reactKjns are well known: thev arc called endothermic. The 
reaction between thionyl chloride and glacial awiic acid is an 
exani])lc that can easily be dcmonstraltKl. When seen from a 
theoretical rather than a practical point of view endothermic 
reactions are only of conventional significance. Fundamentally all 
chemical compounds must be referred to the elements wliich com¬ 
pose them, but so long as we were ignorant of the energy liberated 
m such reactions as 20=0,, or 211^=11,. heats of formation of com- 
jKJUtids were of necessity refernnl not to atoms but to what are 
essentially very stable comi)ounds of atcjins, such us O, or H,. 
From the two tliermal equations 

2O - O,, 117 Cal. libeiated, 

3O3- *263, 08 Cal. al>$orbed, 

we may, with the aid of the law of conservation 0/ energy, deduce 
the true heat of formation of ozone, from atoms: 

30=03. 141*5 Cal. liberated. 

The endothermicily of ozone, although <>t the first importance in 
assessing its stability in relation to ordinary (molecular) oxygen, 
reduces in fact to the statement that the heat liberated per oxygen 
atom combined is somewhat le^^s for ozone than for ordinary oxygen. 
When hifmed from atoms all chemical compounds arc exothermic, 
UJ^ualIy in a very high degree. 

Calorimetry.—The heal of reaction can be measured in some 
fomi of calorimeter. Unfortunately the sign convention differs 
with (lilferent authors. A chemist, whose science was applied to 
the study of fuels bKTore the birth ot Ihemiodynamics, is naturally 
loath io abandon the long-established tradition that heat liberated 
or work done Ls in a sense profit, and therefore to be reckoned 
jKJsitive. A minor advantage of this chemical convention is that 
since most chemical reactions are exothermic, only a few (negative) 
signs need be used or printed. However, this convention has 
[‘roved confusing and unworkable in thermodynamics, students 
of which now almost universally adopt the so-ciled ’ acquisitive* 
convention: attention is focused on the system under consideration 
rather than on its surroundings; quantities increasing jn magnitude 
in the system arc said to undergo a positive change, and conversely. 
In the paragraphs which follow on thcmitJdynamics we shall adopt 
this convention, while retaining the chemical tradition in definitions 
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of heat of formation, combustion, etc. When the heat change is 
written with the equation it denotes the heat given out (or absorbed 
when one gram^moieculc (or the quantity represented in the equation 
oi the reactants combines with the formation of the products 
shown. Since heat is involved in the change from one phase to 
another, it must be stated in the equation whether the reactants 
and products were in the solid (s), Uquid (1), or gaseous (g) slate. 
Standard pressure Is assumed unless flic contrary is stated. Since 
the heat of reaction deixmds on the temperature of the reactants 
before and the products after the cliangc, this temperature must also 
be slated, and Anally, if the figures refer to a reaction at constant 
volume, and not, ;us is more usual, at constant pressure, a note to 
11 lis e ft V ct m ust 1 le n \ adc. 'I'he e(| ual ion 

H.(b')'l-^O,(g)^Hp{l)+Wi,2<)0 calorics (at 25^) 

means that at 25^ when 2 gm. oJ hydrogen react with ih gm. ut 
oxygen, both at a pressure of 760 mm. of mcrcurj’, to produce 
liquid water, the heat given out amouni<: to 68.2qo calorics. 

In the practical measurement of the heal of reaction sj>ccial 
difficultie> are encountered which arc usually abst^ni from simple 
physical defonninatioris. Tlie reactions are sometimes very slow, 
and sometimes do not go to completion, or there may l^e side- 
reactions that cannot be eliminated. Sometimes the reactants or 
products are chemically active, when specially resistant calorimeters 
have to be used, or they may develop enormous pressures inside 
closed apparatus. We cannot disc'uss these special cases, but 
may mention one or two types of calorimeter in which some of the 
difficulties have been overcome. 

The Adiabatic Calorimeter. —The greatest inaccuracy is due to 
lo&s of heat from the calorimeter during the progress of the reaction. 
This can be reduced by keeping the surroundings of the calormieter 
at the same temperature as the instrument itself. The adiabatic 
calorimeter, as it ib called, is an invention of Richards. The en¬ 
vironment may be heated electrically, or use may be made of the 
heat liberated when acids neutralize bases. In the submarine calori¬ 
meter the instrument is entirely iinmerse<l in oil or water, whose 
temperature is continuously varied. The temperature inside the 
calorimeter and in the bath is read every few seconds with thermo¬ 
meters or thermocouples, and the heating of the bath regulated 
accordingly. In a further development of the apparatus the 
heating of the bath is automatically regulated by the difference in 
reading between two such thermocouples. The temperatures of 
the calorimeter and of the bath are therefore always equal and no 
heat losses can take place. 
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In order to calculate the quantity of heat evolved in the reaction 
from the rise in temperature which takes place, the thermal caj>acily 
of the system must be known, but it is usually simpler to include 
an electric heater in the calorimeter and to sec how much heat 
must be supi>lied to the products to raise their temperature through 
the observed interval. If the two experiments are done under 



exactly similar conditions, there is then no necessity to apply any 
correction for the thermal capacity of the calorimeter. 

Beats of Combustion.—The heat of combustion is the heat of 


reaction which is most frequently determined, and for reasons 
which will shortly be clear it is one of the most useful quantities 
for calculation. Combustion is one of the few reactions of oi^anic 
compounds which proceed to a definite conclusion in a reasonable 
time: most organic substances can be completely oxidized by 
oxygen under pressure. Since a considerable pressure is required 
before the ignition and is developed after it, the bomb calorimeter 
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ori{;inally devised by Berthelot is used, and since the heat is 
evolved very rapidly the adiabatic method is out of the question; 
the calorimeter is immersed in a known weight of waiter and its 
rise in temperature is measured. Tho water itself may, however, 
be placed in an adiabatic enclosure. 

The bomb consists of a steel-walled vessel with a screw top 
A known weight of the sul)stancc to lie investigated is placed on 
a platinum plate, where it ran be ignited by passing a current 
through a thin iron wire; a c<;iTCCtion must l;c made for the heat 
lil>erated by the combustion of the wire. The combustion is 
carried out in oxygen under pressure. The walls of the bomb 
must bo lined with gold or platinum to avoid the possibility of 
oxidation. 

Vacuum Calorimeters.—WJiile adiabatic cahrimetry has made 
great progress in recent years in the hands of Richards and others, 
the Dewar flask is .still much us<*d cas a calorinielcr. This consisis 
.simply of a glass vessel with double walls and a high vacinini 
between them: the low rate of loss of heal from such vessels is 
well known and is made use of in the 'Thermos.' Oj)en calori¬ 
meters are always avoided, on account of the iicat lo.sses due to 
convection-currents and evaporation, and the ves.scl is therefore 
fitted with a lid and with a stirrer, since the temperature ol un 
unstirred liquid may be far from uniform. 

A rather different type of instrument has been devised for the 
measurement of the specific heat of gases at low temj)craturos. 
A known mass of the gas is enclosed in a small steel v essel with 
very thin waUs, to which it is conducted at a low temperature 
through a silver capillary tube. The steel vessel is wound on the 
outside with two separate coils of platinum wire—one t(^ supply a 
known quantity of heat, the other to function as a rcsLstaiice 
thermotnctcT and measure the rise in temperature produced—and 
is suspended in a high vacuum. With this apparatus Eucken was 
able to measure the specific heat of hydrogen at tpmj>eraturcs as 
low as 35° Abs. 

Bunsen's ice calorimeler is still occasionally used to measure 
the heat change in reactions which are cither very slow or 
give out verv little heal, but the experimental difficulties are 
considerable. 

Hesses Law.' -Wc may now consider some of I he results of these 
experiments, and shall find it amvciiicnt to employ the law. enun¬ 
ciated by HivSS, that ihe heal evolved in pas^in^ jrom suhf^tances 
A to substances B is independent of fhe steps in which the transforma’ 
tion in carried out. Any contrary conclusion would vif>late the 
first law of thermodynamics, for wc could create eticrgy by carrying 
out the change with the maximum evolution of heat and reversing 



CHEMICAL ENERGY 


^25 

it with the expenditure of a less amount. With the help ot this 
principle we can calculate the heat involved in reactions which it 
would be difficult or impossible to investigate experimentally. 
Thus the oxidation of carbon in tlie form of graphite to carbon 
dioxide could be carried out eitlier directly, or by first converting 
it to diiimond and then oxidirdng the diamond. While the experi¬ 
mental measurement of the allotropic change cannot be under¬ 
taken, it is po.ssible to measure the heats of combustion of graphite 
and diamond, the figures under similar conditions being -h 94,240 
and -I- 94,420 calories respectively. The heat involved in the 
allot ropic change is e<]ual to the difference between these result^, 
so that if grapliite could Ik* converted to diamond 180 calories of 
heat per gnun-atom would l>c absorbed. 

Heats of Formation.^In this way it is possible to construct a 
table shoM'ing the heat of formation of various substances under 
standard conditions from their eleniciits. Three principal units 
are now n\ common use (or (he expression of chemical energy. 
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The kilo-calorie (i.ooo calories, symbol k. cal. or Cal.) has the longest 
tradition, hut electrical methods of operating calorimeters have 
steadily encouraged the use of the kilo-joule (symbol kj.). This 
unit is directly connected with fundamental units by its definition 
as 10*® ergs. One kilo-joule equals 0*2386 Cal, The third unit, the 
electron-volt (symbol ev.), has come into use more recently as a 
convenient unit for expressing true molecular and atomic energies. 
One electron-volt is the (kinetic) energy acquired by an electron in 
being accelerated through a field of i volt potentijd difference. If 
a molecule acquires this amount of energy, then i gni.-mol. acquires 
23'OO Cal., or very nearly 100 kj. By convention, the heat 0) 
formation is the heat liberated udicn one ^ram-moleciile of the substance 
is produced from its elements when these are in the physical afui 
chemical condition usual at room temperalurcs. 'Thus the h(‘Hts of 
fonnation of organic compounds cont«itning only carbon, oxygen, 
and hydrogen arc obtained by deducting from the heats of formation 
of the carbon dioxide and water pn^luccd the Iieat of combustion 
of the compound. A negative bed of formation indicates that the 
compound is formed from its elciuents with absorption of lieat, but 
here again the practice of di^crent authors must )>c taken into 
account. The table (p. 225) shows the approximate heat of forma¬ 
tion of some well-known substanc'cs at room tcm{>erature. All the 
figures refer to one gram-molecule. 

Chemical Affinity.—It is obvious from the table that there is a 
general connection between the axndity with which certain elements 
combine and the heat of fonnation of the compound produced. 
This is well shown by the halogen acids, whoso heats of formal ion 
increase in the order of decreasing atomic weight of the halogen; 
this is certainly the order of their activity towards hydrogen. 
Indeed, it was at one time suppased that the heat evolved in a 
reaction was a true measure of the tendency of the reaction to 
take placc“Or of its * chemical affinity *—and to estimate this 
affinity was the object of many of the early thermochemical in¬ 
vestigations. That this view cannot be the true one is shown by 
the occurrence not only of definitely endothermic reactions but also 
of balanced actions, for a reaction consumes heat in one direction if 
it liberates it in llie other. The further suggestion was at one 
time made that afliiiity might be measured by the velocity of 
chemical change, but this view is equally untenable. It can 
scarcely be denied that oxygen and hydrogen have great affinity 
for one another, yet a mixture of these gases may be kept indefinitely 
ill the absence of catalysts without giving any sign of reaction. 
The greatest claim which thermodynamics has on the attention 
of chemists is that it can provide a partial answer to this question. 
One miglit expect that the law of mass-action or some extension 
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of it would be of assistance. It is tme that if we know the eqnili- 
orium-constant of a balanced action it is passible to predict ^vith 
the help of this law what direction a reaction will take in a mixture 
of reactants and products in Riven proportions. It is, however, 
impossible to estimate the value of the equilibrium-constant 
without ex]>erimcnt, but this is what we must try to do. It goes 
without saying that we can estimate the equilibrium-constant only 
in terms of some other cx|>erimeTitally detcrminefl value—we 
cannot evolve it out ot our inner consciou.sness. 'I'his, however, is 
a limitation common to the whole of physical science, which is a 
nuiUer not <if creation but of classilication. The student may 
also have ob.^erved that the law of mass-action Rives us no hint 
of (he effect of temperature on the equilibrium constant, A 
qualitative answer to this question is provideil by the principle 
of Lk CiiATKiJCK—which we staled without proof—but for the 
quantitative expression we must fall back on thermodynamics. 
This more modest inquiry—the effect of temperature—wo shall 
be a)>lc to answer com plot ely- The calculation of the magnitude 
of the cquilihruim-consfant has as yet beiMi only partially carried 
out, and many uncertainties are still involved in the process. Here 
we shall be able to do no more than to indicate the direction from 
which the complete solution will probably come. 

The Principle o! Waiimum Work.—It will first be nece.ssary to 
state more precisely what we mean by affinity. The affinity of 
a chemical reaction is the temlcncv which the reaction has to take 
place, in the sen^* that reactions with positive affinity can take 
place (but may not do so in the absence of suitable catalysis), 
while reactions with negative affinity cannot in any circumstances 
take place, and reactions with zero affinity have reached equilibrium. 
Asa measure of the affinity of a reaction we shall take the maximum 
work which the reacting system can be made to perform. It can 
be demf>nstrated by the prinetph of maximum entropy that the 
only spontaneously occurring processes—that is. the only processes 
with positive affinity—arc those from which work can be obtained, 
if the student's knowledge of physics does not carry him so far 
as the conception of entropy he must be content with 1hc informa¬ 
tion that the principle here enunciated is a consequence of the 
second law of thermiHlynamics, which is independent of (he mole¬ 
cular thetiry of matter. VVe may, however, give a mechanical 
explanati(m of what is meant by ^naximum work. It is obvious 
that while the sajne mechanical process, if carried out in different 
ways, must liberate the same amount of energy, the proportion of 
this energy which appears as external work performed by the system 
is variable. If a weight is allowed to fall freely through a given 
distance, the whole of the kinetic energy at the bottom, which is 
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equal lo the potential energy at the top, is dissipated in heat and 
sound. If, liowcver, before releasing the weight we attach it by 
a cord passing over a frictionless pulley to a very slightly smaller 
weight, then the system, when released, will move slow'ly, the 
falling weight will have a negligible kinetic energy on reaching the 
ground, and nearly the whole of the energy will have been retained 
m the form of potential energy of the weight which has been raised. 
The process has then U‘en carried out with the ])crformance of the 
maximum work and with the dissipation of the minimum amount of 
energy as heat. This can l)e done only if the system is acted on 
at any moment by the smallest force which will move it at all, so 
small in fact that any reduction in it would cause the system to 
move in the opposite direction. When the process has been carried 
out under such conditions it is colled a reversible process, and the 
work which can be got from a ])roccss is always a maximum when 
the process is aimed out in a reversible manner. It might be 
iliought that, by demanding reversible [irocesws to give a true 
measure of afliiiity, we shall again be concerned with mechrinisin, 
and the (Jibodvantages of llie purely chemical approach already 
mentioned. It must, however, be remembered that any mechanisiu 
whatsoever, even one entirely impracticable, that is reversible will 
lead to tlic s.nme valuation of the afTinity as any other. In p<hnt of 
fact a perfectly reversible process is a theoretical lip men t, and can 
never l>e actually rcalm*d, but this idealization does not in tlic ieast 
detract trom the validity of the thermodynamical predictions. The 
aliinity so determined will still be authentic for an actual, practical, 
but c<'rtaiij]y at least partially irreversible j>roccss. 

As an esamjile of a chemical process reversibly carried out, we 
may consider the cx^mpression of a niixlure of amnKmium chloride 
vapour with its products of dissociation: NEl^Cl^iNHj+HCl. Jf 
llie pr<'ssurc on the system is gradually raised, we know from Le 
CiialclicT's principle that amm<mia and hydrogen chlon<li‘ will 
combine; if it is gradually released more anuiKmium clUoride 
dissociates. If properly carried out, the process involves no 
dissipation <if enerev. 

Certain of giUvanic cell are excellent examples of rc\ersihlc 
processes; they will be considered in the next chapter. 

Work and Ree Energy.— Tlie lenii u'ork i.s projKirly used when we 
think of the surroundings of a system and the efleet it lias upon 
them. From the Ihormodynamical stamli>oiiit, however, attention 
is focused on the loss of energy by the system in jicrfcirming external 
work. Tlie thennodynamic quantity oorresjionding with work, 
termed the free energy {of the system), was first introduced by 
HctMHOLTZ, and so named by him. He regarded a system as 
holding a certain store of free energy V\ which may, under suitable 
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conditions, l>e diminished by its issue and realization as external 
work of equal magnitude but opixjsite sign to the change of free 
energy, or be increased by the performance of work on the system 

rhe balance, making up the Mai energy of tlic system (f\ he called 
(he iound cnet}^ (/'; it is realizable externally only as heat, and 
may be incieased by adding heat to the system. Jt is simple to 
calculate the change of free energy’ of i gm.-mol. of a perfect gas, 
when a change is made in the pressure, at constant lemiHfralurc. 
Since -constant, 

-di’'=-y>dK=-l^d/>-.-R/ d log p. 

Thus for a Jinitc pnssure change from pi to we have 

F.;^F,'^RT log (/>,//>,). 

J'hat the conception of ficc energy is broader and more fundamental 
than that of work ajjpears in many ways, but particularly in the fact 
that a change of tein]x.'ra(urc will produce a change of free energy, 
even when the change is isosleric, that is, conducted at constant 
volume, so that no work terms can arise. Tlie reader should con¬ 
sult a textbook of thcrmodymimics for a pro<»f of this, us it is outside 
the sco|>e of this chaplei. The relation v——J/*' is thcrc[(»re valid 
only for change's conducted at constant temperature, called iso- 
thermal, and moreover these changi's must be hlcally reversible. 
Tin* same c^nditurns apply fo (he relation of heat q to the bound 
energy Q\ given by I hr equation 

<) = -dQ'. 

The application of the idea of free energy is not, of course, limited 
(0 the gaseous state, although in that case the calculation of its 
changes in terms of p, V, and 7 ' is often simple. Modern dcvelop- 
incnts in liierniodvnainics have shown how the absolute magnitudes 
of quantities, such as fret* energy* may be evaluated, but it remains 
customary and convenient to assign arbitrary datum lines to ther¬ 
modynamic quantities. We take pure solids, pure liquids, and 
gases at i atmosphere pressure to have zero free energy. Free energy 
reckoned from this zero is often termed the standard free energy. 
Whf'n w’C have to deal with solutions the standard free energy of 
the solute is reckoned from the datum line of molar concenlration 
C—i. Ou this convention the ideal gram-molecular free energy of 
a gas or solute is Jir log ^ and RT log C resj>ectively. 

Notation. —Our arguments will be largely concerned with cluuiges 
of free energy, and total energy, often written AF and AU, but to 
avoid the continual repetition of such rather clumsy symbols we 
ask the reader to assume that an unprimed simple symbol, such as 
F or U, means always a finite change in the quantity concerned. 
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On the infrequent occasions when values of these quantities refened 
to an arbitrary standard state are required we shall use primed 
symbols, F\ U\ etc. Thus F,'. 

The reader’s attention must be drawn to the prevailing confusion 
in regard to the symbolization for free energy, to wind) we shall 
continue to a.=sign the symbols F and F'; some authors, however, 
prefer the symbol A, and employ F for au allied quanlitv (the 
' chemical' free energy G, p. 235). 

Carnot's Theorem and the Se^nd Law of Thermodynamics.—'i 1 ie 
first law of thermodynamics is concerned with the energy of a 
system as a whole; it states that the sum total of energy of all types 
is conserved in an isolated system. The province ot the s(h.oik 1 law 
lies in the limitations governing the inierconversion of free njul 
bound energy. Carnot, before the acceptance of the first law, 
discussed this question under the guise of the efficiency of a heal 
engine, which he defined as the ratio wjq, where u' is ihe useful work 
obtainable by the expenditure of heat q into the engine. His woik, 
althcnigh epoch-making when seen m the light of later develoj)- 
nionts, was obscured by his aj)parent ignorance of the first law, and 
by a vague attitude on the meaning of temperature. He was, how¬ 
ever, the first to appreciate that an ideal engine is a jK*rfeclly re¬ 
versible machine. Kelvin first gave precision to Carnot's ideas, 
and showed how to define temj)crature on the absolute scale which 
we now use, Carnot's theorem on efficiency could then be quan¬ 
titatively expressed by the equation 

where (Tj—T^) is the working temjwrature range on the absolute 
scale of an ideal, that is perfectly reversible, engine, in differential 
notation this equation takes the form 

dtt*—^d7/7\ 

which is an expression of the second law. In modem terminology 
it may be said to provide the law of the conversion of bound into 
free energy, and it demonstrates how this conversion is dej)endent 
on a difference in temperature. 

The Gibbs-Helmholtz EquatioD.—In any change, physical or 
chemical, the net change U in the total energy of the changing 
system must be, by the law ol conservation of energy, the algebraic 
sum of the clianges in bound and free energy, Q and F lespectively, 

U^Q+F. 

The change U is sometimes termed the change in ‘ internal' energy, 
but tliis description is ill chosen, an<l frequently misleading. To 
clarify the application of this important equation, typical cases for 
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a system X, operating perfectly reversibly at constant temperature 
T, are tabulated below. 


Ckaagt 

0 

i- 

U 

(t^ Heat q ubstirbefl 
Work w <lonc by X 

9 

— w 

q-^xtf 

( 2 ] Heat ^ liberated 

Work w done on X 


w 

w--q 

( 3 ) Hoat q absorbotl 
Work w done on X 

9 

or 

qr + tii 


From the equalities dte^«—<JE, and H*y (p. 229), we may 
transcribe Carnot's relation Aic - fjiiTjT into 

^i\F^ + Qi\riT 
or -Q^IidL'ldT). 

Since we have at once 

F^U^^T(dFldT). 

This is the Ginns-HELMnoLTZ equation ni ii< original form. It nuy 
be written in the equivalent, but more compact and nsclul, form 

d(Fm^ ..f/ 
dr r* * 

By carrying out the diflercntiation indicated, the second form treans- 
forms at once into the first. We shall need the second form in 
deriving the reaction isochorc. 

Tht Cibbs-HelmholU. equation (in either fonn) relates the change 
F in free energy and Ihe associated change U in total energy, when 
the change is accomplished isothermally at temperature 7 '. It is 
of the first imj>ortance to rcolw that the equation is rigorously 
applicable to actual, and Iherefore at most partially reversible, 
chaiiges. It is no less valid for completely irreversible changes. 
If an isotliermal change is ideally reversible, then the whole change 
F is realized as (external) work; if the change is not reversible, then 
only a small part or none of the free eacrg3» change will appear as 
work, but the free energy change will still be precisely that specified 
in the Gibbs-Helmholtz equation. 

Free Energy and Chemical Change.—We may now profitably 
re-state the prhiciple of maximum work in a more general form. 
Ail systems tend to change sponta^ieously tmly in the direction of a 
decrease in their free energy, when this has been reduced to a minimum 
the system ceases to change, and comes into a condition of e<juili- 
brium. We connect what has been called the affinity of a reaction 
directly with the corresponding change of free enei^. If we are 
now asked how this change of free energy, and therefore the affinity, 
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may be a«^certaincd, we can give the prescription: (i) select a 
reversible mode for ellecling the reaction, (2) measure the work 
obtained when the reaction proceeds in this mode, and reverse its 
sign. If the change is cITecttKl irreversibly it only means that the 
work obiJimod, if any, lias no ndalion to the afiinily, but the 
aHimly is still measured by the free energy change, and is a fixed 
piopcrly of the reaction, and in no way dcj*«'n(lont on liow the 
reaction is conducted. There may be many routes, n s ensible and 
irrcvcrsililc, by which a sysiem can move from one chemical state 
to another, but the law of the couservatioii of energy tells us that 
whatever the route chosen, the difference of total er»crgy U 1 n't ween 
the states will U* prccist‘ly the same. We have met this pimdple 
already in Hess's law (p. 224). The same projK'rty, of inilejicndcnce 
()f route, is manifested by the fn*c eneigy h. In the simidc example 
of the change of free energy of a gas with pressure (p. 220), we made 
the calculation on the «assiimplion that (he pn'ssure change look 
place reversibly, and uscti the relation — 7 '. The cinuigc of 
frc'c energy would lx* exactly tlie same if we hud imaguied the ex¬ 
pansion to take place suddenly into an ovucuatetl vessel of suitable 
capacity, but no work would liave been gained. Jn ihc reversible 
expansion heat q must In* passed into the g;is to maintain constant 
teinjKiratnre, and this heal is exactly equivalent to the work done 
by the gas. the total change of energy (/ living zero. 1 hus we liaw 
{/aa. —where —/\ and q=-Q^ During the irreversible 
expansion no heat is supplied, bul fi*ee energy /•' is converted into 
bound energy Again we have f/s= — 7 ^ )*y?=o. Thus the 
gase(;us system suffers exactly the same changes in its free and 
bound energy in lK)(h lyj)vs of expansion. It is only when we seek 
a ready means of evaluating changes 111 thcTmcKlynainic quantities 
such as F and Q, in terms of /». V. ^^nd 7 ‘, that we must oiten coniine 
our attention to specified tyi>es of route, such as tlu»se that are 
perfectly reversible, but the results so found arc universally appli¬ 
cable. It must be noted that both work and heal changes are 
quantities dependent on the choice of route. Those readers familiar 
with the more physical asp<*cts of thermodynamics will be aware 
that it is precisely to circumvent the de|>eiidence of heat changes 
upon route that the function enfroffy, S\ is introduced. The bound 
energy Q' referred to above (p. 22g) is expressed a.s the product 7'S\ 
It is probably l>ecause Ihennodynamical arguments must necessarily 
be more concerned with abstract quantities such as free energy and 
entropy, than with the more familiar work and heat, that the science 
seems baffling to the beginner; but unless such a basis is adopted, 
thermodynamical predictions would be valid only for ideal re¬ 
versible systems, and could not apply universally to actual, practical 
reactions. 
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The Law oI Blass-actiOD and the Free Energy 0! Chemical Reaction* 

—Let four perfect gases. B, C, D, and E, which react according to 
the equation 

B+C=D l-E. 

be mixed at a suitable temperature T, thereafter maintained constant, 
and steps be taken to promote the altaiJimcnt of the equilibrium 

B |-C,>D+E. 

To test whctlicr a true equilibriutn lias Iwcn reached we proceed as 
follows. If equilibrium has nut l>ccri attained then some change in 
the comjxisition of the mixture, say an increase in the pressures 
pi^ and pv. of llie resultants 1 ) and E, aiul a decrease in the pressures 
/>5 and pc of the reactants, mtt cause u decrease in the free energy 
of the whole system, and bring it nearer to e<|uilibriurn, where the 
free energy is a niinimuin. If equilibrium has been reached, then a 
small change of this kind in direction will leave the free energy 
unchanged, for the condition for a minimum is dF- 0. Thtis 
equilibrium reached when for a ’^inall change of conjxjsition 

(dFod dFp)-(dFM4 dFc;-o. 

We have seen (p. 22q) that fur a jierfccl g;is dF» RT d log /> 
Tiiereforeat equilibrium 

R 7 '(d l(Jg po \ ii log log pH -d log -o 


Therefore 


poph: 


RT cl log 

pllpc 


\ - constam, /\ (at constant temiwnture), 

PlipK 


If w’o novs' luive a slon* of the gases B and C, each at 1 atm. pressure, 
we may pass i gni.-inol. of c,w*h of them in suca^sivc small amounts 
through the eciuilibrium system, and similarly withdraw i gm.-mol. 
of each of 1 ) and E. also brought to 1 atm. The free energy cliange 
for this ojX’ration of the equation B-|“L“T)+K in the forw'ard 
diieclion. i.e. coynpicie transiorniaium of H and C into I) and K, 
will be due to the stages. 

(1) B and C at 1 atm. pressure arc brought to the equilibrium 
pressures pn and pc respectively, 

(2) D and H at equilibrium pressures ptt and respectively are 
brought to I atm. pressure, 

tor since B and C react to lomi D and E under et^mlilmum con¬ 
ditions. no free energy Ls lost or gained in the actual chemical change. 


Hence we sec that the free energy change F*in the forward direction is 
F^=R/‘(log/>B+log ^c—log pv>—lo^ Pb)—- log K 
This result has brought us to an exact measure of the affinity of 
the reaction B+Cs^DH E, for by taking the initial and final 
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pressures as unity, \vv have eliminated effects dm* to urhilran,' values 
of the prcssmx's, and placed oiirsc4ves in a jK)sitiui) to correlate the 
affinity (»f one reaction with that of another, when each proceeds 
at the same U'm]>eraUire Z'*® is us mill y tenncsl the sian<hr^ free 
of ihc read Ml. 

The Effect of Change of Temperature upon Chemical Equilibrium.— 

From the results already ohtauu'd the problem of how lempoiatnre 
ijiHucnres chciniral equilibrium is easily s<jived, l.ct IJ be tli<' 
t(JlaI cner^'v cliange occurring when i gin.-mol. of each of 1> and C 
{each initially at unit ])ressure) is coinpUdely cimverti'd into T gm.- 
niol. of each of D and K (each finallv at unit pressure) bv tlie 
operation of the equation ]t |-Cs-.D j E in the forw'nrd <hrcction. 
\Vc Jiavc .seen that the conronhtaiit cluingc in free eiu rgv is 

/•" RT log K. 

From the (iibljs-Helmhrjh/ equation ni its compact lorm we have 

<i{-Rf io«A')/r • r 

dZ* ‘ “ 7a • 

or, on simplifying: 

dr ' 'R'n 

Now tlie change in total eiuTgy U nm>i be just the energy change 
registered us heat t]y when tin* reaction proceeds, llcce^sa^lly irre- 
vcrsjblv, in a caturimeter at constant volume. 


There f<»re 


d log K qi 
i\r Ri* 


This relatitm is called the readion isodtore. When the cliomiral 
sign con vein ion is adopted qy mast be changed to - qw 

If the reaction is exolhcnnic in its forwarcl dinilKin, d log l\!<]T 
is j Kigali VO, and K decreases with rise of tonipcruture 7', tliat is, the 
yield of 1) mid E in the equilibrium mixture is lessened. The 
relation is, of course, the quantitative statement of Le Cduitrlicr's 
priucipio in its application t<i chaiigas of temj>crjlure. 

Systems at Constant Pressure.— In our derivation of the Gibbs- 
Helmholtz eijualion and in the gas reaction B -l-C 1) | E to w'hich 
it was apphed, to ilhistrafe h<iw problems of chemiral affinity may 
be sol veil, wc have tanlly or exjjlicitly assumed that our systems 
are * constimt volume ' systems. In the Gibbs-Hc*lmh'»itz equation 
this feature is seen in the meaning of U, and in the conditions of 
dillercntiation of the dFjdT term, which should strictly have been 
wTitton (5Z’/6Z*)^'. 'Ihls condition meaiLs that the change of free 
energy F with lempt‘rature 7* must Ih‘ measured after steps have 
been token ensuring that the pressure on the gaseous system is 
adjusted to prevent a change of volume as the temperature is 
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altered. In the chemical equation •constant volume' means that 
there is the same number of molecular species on each side. So long 
as we confine our attention to purely gaseous chemical systems this 
restriction is not serious, as we can always comply with it by suitable 
adjustments of pressure and simple calculations. When, however, 
we deal with systems involvmg solids and liquids as reactants or 
resultants such a restriction is prohibitive. In such systems the 
only practicable condition is const<uit pressure, usually atmosplienc. 
In the general case, therefore, the ioiuL free energy change F attend' 
ing a ciiernical reaction will consist of two contributions: (1) The 
change due to the work ri' involved in the change of volume at 
constant pressure, given by p(V..— V^). This contribution is — 

(2) The change associated with the transformations ol molecular 
siwcies, h. (\ etc. to D. E., etc., from which the contribution is 
F—{—w)^F+w\ it is clearly to this alone that the affinity should 
be related. We have seen that F=U^Q (p. 230); hence F+w^ 
{U-\-w) — Q. Now it is obvious that when the reaction takes place 
in a calorimeter at constant pressure the heat change rt^gistercd 
musi be gi^{U+w), for the term w is still involved. Hence the 
‘ chemical ’ free energy cliangc and the ordinary calori¬ 

metric measurement U+w—H, coricspond in the same way as F 
and U\ in particular C- H^~F—U. Further it may readily be 
shown that Hence we can write more general 

forms ot the Gibbs-Helmholtz equation thus: 

G-H----T{bCI&r)p •- 

These equations really include the form in terms ol F and 1 / as a 
spi!cial case, in wliich - The heats of formation in the table 

on p. 225 are measurements of H, and not of U. When H is large, 
its difference from U is commonly small in comparison with its 
magnitude. The Irce energies of formation below are likewise 
^'aIues of G, not of F, (Free energy released reckoned nc^t^tive.) 



Frfe Fnergv 


Frer Fnefgv 

C ofnf>ound 

of Fornuifinn 

Compound 

of Formation 

at 298** /v . 


at 208^ K. 


(Ctf/) 


{Cal.) 

YUO ( 1 ) 

- 5<^7 

CO, 

- 94 '.^ 

H,S 


CO 


HK 


Nr» 

+ 20'H5 

HCl 

-22*7 

NO, (g| 

+ 12*49 

11 Br 

-12*5 

MrO (s) 

-136-4 

HI 

— 2*0 

ZnO (s) 

- 75*7 

NH, 

-.VO 

As, 0 , W 

- 1377 


(I'gr reactions, see talOc, p. 325: all At atm.) 
Fru Enbrcv of Formation 
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Inspection of this table in conjunction with table on p. 225 for heats 
of formation discloses that free encj^ies of reaction and heats of 
reaction commonly have the same sign and comparable magnitudes. 
We couki therefore hold empirically that heat of reaction usually 
gives a ruiigh estimate of the affinity, but that this as a principle 
is false is well shown by the case of hydrogen iodide, where an 
endothermic conipound is formed spontancoi^y from its elements 
owing to the decrease of free energy. It is interesting to contrast 
nitric oxide NO and nitrogen dioxide NO, with carbon monoxide 
CO and carbon dioxide CO*. Both the oxides of carbon are thermo¬ 
dynamically stable, there being a substantial tlecrcitse of free energy 
when they are synthesi 7 <ed Irtmj graphite and oxygen. On the 
contrary, neither nitric oxide nor nilrogen dioxide has any thermo¬ 
dynamic sanction to exist at ordinary tcm[XTalures: both should 
change sponlaneou.sly into nitrogen and oxygen N, and Thermo¬ 
dynamics, however, allords no information about reaction rates of 
the changes it predicts. Wc have in the two oxides of nitrogen an 
extreme example of sluggish rate of reaction, the M>le reason for the 
practical stability of these oxides. 

The Equilibrium Constants K,. and ff,.. —We have seen that for 
the reaction bclwccm gases 

IH-C 1) I E (I) 

the total free energy cliange is a raliunal measure of (he ufTiJuly 

F (or Q-- -RT log K=‘-RT 

Pi^PC 

No distinction need l)e made here Iwlween F and G. for 
wlicthcr we effect the reaction at constant pressure or constant 
volume. The equilibrium cot j si ant K Ls usually wTillen Kp^ to 
indicate that it is forme<l from the partial pressures of the reactants 
and resultants. Subscripts arc often used in thermodynamics to 
indicate that a certain variable has been kept constant; such, of 
course, is not the meaning of tlie subscript p in this case. For the 
reaction between gases 

Hq-C=T) ( 2 ) 

G^-RT log AV= -RT log , 


G and not F is the appropriate measure of the affinity. G is the free 
energy change that would be observed when ig.-mol. oi each of 7i 
and C* react to give Ig.-mol. of D, all at i atm, jjrcssure. 

Let us now express P\u etc., iu terms of molecular concentration, 
Cd» etc., using the relation piK-=ci^RT, which holds for a perfect gas. 

Wc see that for read ion (i) Kp^Ke, but for reaction ( 2 ) A7= 
Kt[RT) where K( is used for the general expression Ci>CV;/CuCc' 
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If there had heen a difference n of molecular species on the two sides 
of equation (2) we should have found K^=Kf(R 7 y. Now the 
validity of taking Kp as a true measure of affinity follows upon our 
choice of the standard ga^us state (p. 229) as one at unit pressun^ 
p—i (atm.). Had we chosen as the standard state the condition 
C= T, i.c. I gm.-mol. per litre, then K, would l>ecome our measure of 
affinity. Thus if we wish to adopt to represent affinity, as for 
example in dealing with solutions, we must agree to take unit 
concentration as the standard state for solutes. When this condition 
is understood no confusion need arise in the use of Kp and K^, but 
they must not he interchanged indiscriminately. 

The Kinetic Theory and the Isochore.—The kinetic theory of 
gases provides us wiih amnher valuable method of attack on the 
problems of chemical change. Two gas molecules can take part 
in a reaction, if we confine ourselves to homogeneous changes, 
only when they collide, and from our knowledge of the mean 
free path—i.c. the mean distance traversed by a gas molecule 
between collisions, as calculated from iiKlefjeiulent physical methods 
—we can calculate the nuinlMT of such collisions i>er second in a 
groTD-molccule of (he gas under given conditions of temperature 
and pressure, and hence the maximum possible velocity of the 
reaction, on the sup{>risitioii that all such collisions result in chemical 
change. For reactions taking place at a measurable speed tliis 
maximum rate is always greatly in excess of that actually found by 
experiment. There is another reason why the hypothesis that all 
collisions are fruitful must be rejected. The temperature-coefficient 
of the rate of chemical change is usually high; an increase of ten 
degrees in the temperature usually causes an increase of a hundred 
per cent or more in the reaction velocity. Now the temperature- 
coefficient of the number of collisions per second can be calculated 
without difficulty from the kinetic theory, and is very much less. 
We are therefore, for these two reasons, forced to conclude that 
only a small fraction of the total number of collisions that take 
place result in chemical change. At an early stage of the history 
of the subject the suggestion was made that only molecules whose 
combined energy exceeded a certain fixed value would react 
togeilier. The suggestion lias been wholly successful and its 
consequences must be more closely examined. 

Consider a reversible gas reaction, bimolecular in both directions, 
in which a quantity of heat qy is absorbed at constant volume, 
and denote by the total energy required by two gram-molecules 
before they can react in one direction, while is the energy required 
by two gram-moleculcs of the product for reaction. Then: 


E,—Ej=qy. 
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New it can be shown by statistical study of the cJisinbution of 
energy among gas molecules (Chapter !L p. 94) that the fraction 
of the coUisi^ins in which the combinerJ energy of the molecules 

exceeds E, is so that the rate of the forward reaction is: 

A,=constantx 

while the rate of the back reaction is: 

ft^^consiant xe” 

The equilibnum-constant ft is the ratio of the velocities of the 
forward and back reactions fp. 112), so that l\ -v ^ 


T 
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Taking logs in aU these equations: 


iog« = constant — ^ 


loge ft,=logc constant — 


RT 


ioge/f —logeft, — loge ft, =sioge constant--=)oge constant - ^ 

a result c^lreadv reached by thermodynamic 


reasoning, [t is true that the constants used in this deduction 
represent the number of aiUisions in unit time and are therefore 
not independent of temperature, as we have assumed ihem to be, 
but this introduces only a small correction into the result. 

The meaning of these equations will be clear from the diagram 
(Fig. 72). in which the kinetic energy is plotted against the number 
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of molecules having that energy at a given instant: a somewhat 
similar diagram appears in Chapter II {p. 94). The two cur\Ts 
represent two slightly dilTercnt temperatures. It is founrl, as we 
should expect, that by far the larger number of molecules have 
energies in the neighbourhood of the mean energy: either very 
small or very large values are murli less common. I'he total 
number of molecules is equal to the area enclosed by either of the 
curves and the energy axis, the number with a kinetic mergy 
greater than some fixed value it, is equal to the shaded area. It 
is clear that a small fractional increase in the tcmj)crature mav 
lead to a large Iractional incrcaft* in llie nunil>er of molecules with 
kinetic energy in excess of and this is the reason for the high 
tcmpcralure-coefficicnl of reaction velocity. 

Energy of Activation.—'rh<* energy E, is called the energy oj 
activation of the (fonvard) reaction. It can he calculated in two 
ways: 



I'rotn the olwcrved tciniwature-cocflicient of llie rcacti()n 
velocity and the equation ^ 


(ii) Hy calculating, with the help of the kinetic theory, the total 
number of collisions, and finding from the observed reaction 
velocity at some fixed tempcratiiio whal fraction of these 
results in reaction. This fraction can then be put equal to 

and £, found from this equation. Energies of 
activation calculated by these two mctlKxls are usually in 
good agreement. 


Explosive Reactions.—Reaction velocity may attain very large 
values, and the reaction become explosive when the energy' liberated 
as two molecules react is either greater than, or very nearly equal 
to, the energy of activation. The energy' evolved in a fniitful 
collision is then sufficient to cause the reaction of neighbouring 
molecules, and a reaction chain is set up. If at any temperature 
both the heat of activation and the heat of reaction are large com¬ 
pared with the average energy of the molecules at that temperature, 
an explosive gas mixture is stable until reaction is begun by a spark 
or a catalyst. Explosion then takes place. A mixture of oxygen 
and hydrogen at room temj)crature is an example of such 
behaviour. 

Applications ol the Isochore.—The Lsochore as we deduced it is 
practically inconvenient and roust be integrated. As a first 
approximation we shall assume qv to he constant over the range 
of temperature considered. In many important gas reactions this 
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is approximately true over a wide range. Then, since ^ 

log A'= constant. Al the moment we have no means of 

evaluating tijc constant, but wu can easily test the alleged linear 

relation between log K and y.. \Vc may lake as an example the 

oxi<lalion of sulphur dioxide with oxygen, a reaction of great 
technical imjxirlance: 

aSO- 

fSO 1* 

Tlic values of the c<|iiilil>riunnconstant /^”rcA 

[SU^j jOjJ 

lowing table are calculated from the experimental work of 
Bodenstimn and r(jnL: 


l i Mpnnttite 
(C €rttif:ru(U) 

A'. 

5CH 

()Ko 


i<>o 



(t.So 

105 

7-^7 



092 

S32 

0*46 

S «»7 

0 13 


The temperature is then converted to dcgree.s alKoliite, and 


1 



is plotted against logj^j K (Fig. 73). Though over tins rinige ihe 
equilibrium-constant varies nearly ten-thousandfold, the isochore 
is satisfactorily olx*yi‘cl ITie importance of such a relation to 
the study of chenucal equilibrium can scarcely Ixj overestimated. 


Since the equation log 



-<yv 

RT 


+const ant (in which it U assumed 


that qv does not vary with temperature) contains only two un¬ 
knowns, namely qi^ and the constant, only two cxfH'riinental 
determinations of the cquilibnum-constaat at different tempera¬ 
tures are re(]uircd to deduce the relation between K and T. If 
three determinations are made and it is found that ovci this range 


the isochore is obeyed (i.e. that the plot ot log K against j* a 

straight line) it is legitimate to interpolate between these tem¬ 
peratures , but figures obtained by extrapolation beyond the 
experimental resists are here, as always, to be regarded with 
suspicion. 
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An interesting application of the isoebore is to the dissociation 
of water: 

-I oir. 


As wo have already seen, the heat evolved on the combination of 
a gram-ion of hydrogen with a gram-ion of hydroxyl is simply the 
heat of neutralization of strong acids and bases, a quantity whicli 



can be measured without difficulty, and is equal to 13,700 calories 
(Cha])ter VI, p. n^). Ilic lehition l>ctwecii the tenipeiatuve and 
the ionic product 0/ water, Kw, should therefore be: 

d I3 7 \w_ + I3.7<X) 
dT Rn * 

When Kohlkausch and HKyi>WEn.LKi< measured the eU^ctrical 
conductivity of pure water in i8(}4 Arrhenius pointed out that 
it should be possible to calculate the temperature-coefficient of 
the conductivity (from which Aw can l^e directly calculated) with 
the help of this cctuatiun, and his prediction was brilliantly fulfilled. 
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The following table is from his book on Electrochemistry, based on 
lectures delivered in 1897: 

7 emp^faiure 


niigrudP) 

Sp rond (e 6 >.) 

Sp. (ond. [ciilc ) 


l•^>7 X lo"" 

1*03 X 

d r 

1 *62 X r«>“" 

1*58 X 10'* 

io» 

2 38 X 

• 2 * 36 x JO"* 


3‘8(>x 

3*86 X 10-* 

26* 

(rO(t> JO"* 

6*01 X 10“ • 


8*00/ 

ft 01 X io”‘ 

42' 

I i*t )4 X lo"* 

13 05 X it>"“ 

50 * 

i8*07X lo‘* 



The implication nf these results is unaltered if for H’ we sid^tilute 
the actual ion lb|0’. 

The isnehore is not restricted to purely chemical reactions, but 
can equally well be applied to such physical problems as the varia* 
lion of vapour pressure with fomjx;ratnrc. It is also a convenient 
mctliod of calculating the heat of solution from the tcmperaturc- 
coefTicient of the solubility. The following example, duo to van’t 
Hoff, will make this clear, vi2. from the solubility ol succinic add 
in water at two different temperatures to calculate its heat of 
solution- In this calculation, which is the reverse of those we 


have just illustrated, we write higiC— 


'ConstiUit, or, at 


temperatures and T^, log A,—log A,— 

case A' represents the siJulnlity, which is 28*8 gm. per litre at 0® C., 
and 42*2 gm. per litre at 8-5® C. This makes the heat of solution 
6,900 calorics, while tlie experimental value is 0,700 calories. In 
the same way the heal of dissociation of a weak electrolyte can 
be calculated from the temperature-coefficient of its dissociation- 
constant as measured by the electrical conductivity of its solutions. 
The dissociation of a weak acid is to be represented by the equation 
HA-f-HgO—A'-f-HjO', and is usually an exothermic process. 
The hypothetic^ change [in vanw) HA=H*H-A' would, of course, 
be endothermic. Conset|uently the dissociation-constants of such 
substances usually diminish with rising temperature. 'I'he electrical 
conductivity usually increases with temperature on account of the 
increased mobility of the ions, whiclt is more than enough to over- 
come the decrease in the dissociation; but some weak electrolytes 
(e.g. phosphoric acid) show a maximum in conductivity with respect 
to temperature, a fact which was predicted by Arrhenius. 

Kirchboff^8 ^nation and the Remst Heat Theorem. --With the 
isochore we can investigate the change in the equilibrium with 
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temperature, but it tells us nothing of the mai^itude of the 
equUibnuin-constant at any given temperature, and we shall now 
briefiv discuss the methods bv which this problem has been attacked. 
We must first develop Kirchhoff*s equation, a simple relation 
connecting the tempeTature-cocflicient of the heat of reaction with 
the specific heats of the substances participating. Let the reaction 
be carried out at constant volume at temporalure T. wit!) absorp¬ 
tion of a quantity of heal q^. Ix'i Ihc products, whose thermal 
capacity at constant volume is 2Vj, be heated to a temperature 
T^dT, for which a iiuanlity of heal is required, and at this 

infinitesinuilly higher tDni|K‘rulure let the reaction be reversed, 
the heat given out being qy-^dq Now let the original reactants, 
of thcmiai capacity 2V|, U* cooled to 1\ givmg out a quantity of 
heat £cydT\ the system is now at its original condition. Hence: 


qy^ i^c^.d'}'—qi +dq -^Scyd‘l, or 



This IS Kirchhofl s equation. Now it is found that the specific 
heats of all substances can bt* expressed in a series of rising powers 
ot the tem])crature, and since trom KirchliofT's equation: 

dqy^(£c^-^Ec,)dl\ 

It follows that qy can also be expressed in rising powers ol the 
temperature, thus: 

. . . 

For changes at constant volume earned out without the performance 
of extern^ work we may substitute U for qy so that: 

U^t;o+<i7*-!-#>T*+yr*+ . , 


Now from the Gibbs-HelmhoUx equation {p. 231), 

i't' 'pt ‘ *ra *r ^ 


d'l 


Integrating, —a 2 ' log ^ 7 '^— . 

an integral lon-cons tan t- 

Then; 


J^.-a+2grH-3yr*+ 


and 


log 7 — 


where a is 


Fig, 74 shows the type of curve which these relations give. We 
know from the Gibbs-Helmholtz equation that at the absolute 
zero F and V must be equal. Neknst was led by considerations 
into which wc cannot enter here to suppose that the true form of 
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tjje curves was as shown in Fip. 75, which in IJ and F coincide not 
merely at, but also for some tiisfance above, the absolute zero. 
If this is so, at the limit when T^o: 

dV ^ dF 
0 ana 0. 
d i di 

This is the Nkrnst Heal Theorem. 

Applying this relation to the diflercntial equations already 
obtsained, we find that d- ci*»o, :in<l 



... 

while 

-2/J7-- yn- . . . 

or 

U^l\\pT-\Yn\ . . . 

and 

/• / 57 * ^n- . . . 


The great importance of these two equations is that they allow thr 
calculation of F and U in terms of purely thernin! quantifies, vU. 
the coefficients y . . . which can be estimated from measure¬ 
ments of specific beat, 'riu* primary object of physical chemistrv 



Figs 74 & 75. Tiifi ApriNirv and rub lltAr ov liiiACUuN at 

I^W Tii:&irEKATUR£ 


IS the correlation of chcmic«a] properties with the physical forces 
that arc the cause of chenucal combination, and whi*n this ha*- 
been accomplished it will no longer be necessary, as it is necessary 
now, to postulate the existence of chemical forces of ;uiy kind. 
Since there is every prospect of our being able to trace the exact 
connection between the specific heat of a substance and the struc¬ 
ture of its molecule and the internal structure of the atoms which it 
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contains, any exact relation between the specific lieats of substances 
and the affinity between them is of high importance. 

Applications of the Nernst Heat Theorem.-^Since its introduction 
in iQofi the Nemst heat theorem has been constantly applied to (he 
most <liverse forms of chemical e<iuilibrium, usually with groat 
success, 1'Iiough not dirocily applicable to gases (for these cannot 
exist at absolute 7 .ero) the law can be developed so as to include 
them as well. Since most of the application.^ require somewhat 
complicated reasoning, we shall examine a single instance, the calcu¬ 
lation of the trnnsition-tcmperalure between rhombic and monoclinic 
sulphur, the experimental work l)cinR due chiefly to Brunstrd. 

It is found that the sixxilic heats of rhombic and monoclinic 
sulphur caij be expressc<l with considerable accuracy over the 
required range by cxprcs.sions containing only the first power of 
the temperature. The difference Ixtwecn the spec*ific heats is 

I J5X This corresponds witli the term ^ 7 ** in the series for 

II and i\ so tiiat i*i5x I0“^7 * and Es-t/p—1*I5X lO" ^ 7 '* 

By determinations of (he heat involved in the change of 1 gm. 
of sulphur (the s];ecific heats having been calculated on this 
basis) wc find that l/=i‘57-hi*i5X and consequently 

115X The most direct check on the last ex¬ 

pression is to calculate the temiMralurc at which the affinity F is 
equal to zero, since thi.s must be tlie transition temperature, at which 
the system lias no tendency to rliniigc in either direction. This 

/ ^ '.57 

temj>erature should equal v r.25 x Abs. —96*5® C.; 

experiment gives 95.4® C., a difference of only i*i Centigrade 
degree. The important point about tlus calculation is that all 
the data employed are purely therm ah 
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Ft.ECTROCHEMISTRY AND PHOKXHEMISTRY 

Electr<ichemjs'>lfy . The Darnell cell—The potentiomeicr-^StHnilard cells— 
Slandard clectrocles—llu* c!ertio<lc (lOteQUal—The activity coen’icicnt— 
Standard electrocU* |K>tenUal^ —The cneit f>( lomc transport oq K M K — 
Di'tevrn I nation ol transport numbers—The bqunl junction potential • 

K M P and chenneal a limit v—('alciilatiuns of cquHibnum-roustaiUs 
Oxidauon-reduction potentlah—Allotropy—Solubility of sliRlitly soluble 
salts— ( 'ompli!X ions— JIydriiRim K»n roncentratioii— t>cteinjinali<>ii of 
vaIcn(y - Su nijoary ot appIions ■\ Cl<'ctrjcaI in v lho<is in analysis 
electrometric titration, conductivity titiation. gnivimetric analysis— 
Tochniciil applications rehmnn. pre|»arations. platin^, accumulators— 
Reactions in the eU^ctnc vlischarj*c 

Photorhemtf>tfy Chemical proex^ses which emit light** FJlcct ol light oil 
chemteal change—I ii'€omi>ositioD o/ hydrogoo broniiUe—haw 0/ the 
photochemical equivalent—Pxpcnmentul tests—(.ombination of hydrogen 
and chlorine—PhotographV 

In the first part ol this chapter wo shall briefly consider: 

(i) The contributton ol electTochemistry to general chemical 
theory 

(ii) Electrochemical methods ol investigating chemical systems 
and m analysis. 

Applied electrochemistry. 

The Daniell Cell— The Daniell cell is familiar to all students of 
physics It consists ol a zinc rod dipping* in a solution of zinc 
sulphate, which is separated by a porous partition from a cop|>er 
plate surrounded by a solution of copper sulphate, the object of 
the partition is to reduce the mixing ol the solutions. No per¬ 
ceptible chemical action fakes place until the zme and copper 
electrodes are connected outside the cell; a current then circulates, 
and it is found that zinc dissolves from the zinc rod while copjier 
is deposited on the copper plate. 

The passage of a current through a mcial consists ol a flow of 
electrons, or particles of negative electricity, in the contrary direc¬ 
tion to that in which the current is said to flow—i.e. the electrons 
go from 'negative* to ‘positive*; and the power of supplying 
mobile electrons and hence conducting an electric current is one of 
the characteristics of a metal. Our study of F.\raday*s laws of 
electrolysis (Chapter IV, p. 142) leaves us in no doubt as to the 
changes that take place at the electrodes. When a cupric ion is 
deposited on the copper plate as an atom of copper it takes two 
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electrons from the plate, and when a zinc atom leaves the zinc 
rod to become a zinc ion it leaves two electrons behind u: 

Zn-^Zn’*4-2 electrons and Cu*'+2 electrons->-Cu. 


A flow of electrons from the zinc to the copper outside the cell is 
tlierefore necessary in order to prevent an excess of electrons in 
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the zinc rod and a deficit in the copper plate. This flow con¬ 
stitutes the current. The production of a current in the cell 
therefore depends on the fact that the tendency of a zinc atom to 
become a zinc ion is greater than the tendency of a cop|>er atom to 
become a copi>er ion. A complete external circuit must be in 
existence More these changes can take place to any perceptible 
extent, otherwise the loss of a minute quantity of zinc from the 
zinc rod leaves an accumulated negative charge behind it which 
makes it impossible for any more positively-cliarged zinc ions to 
enter the solution. A similar process takes place at the other 
electrode. 



fio 77 The Potentiomcthr 


The Potentiometer.—The cnci^ relations of such a cell can be 
studied with advantage only if the process is made to lake place 
reversibly and with the performance of the maximum amount of 
electrical work. The process is therefore opposed, until it has 
only an infinitesimal tendency to take place. This is the principle 
of the potentiometer, an instrument for measuring cieciromolive 

I 
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force. In the din^Tams Cj is the cell whose electromotive force is 
to he jleterniined, a source of constant electromotive force, 
and Ali a wire resistance. The position of the sliding contact O 
is varietl luilil I he tendency of to produce a current flowing in 
one direction is exactly balanced by a current in the opposite 
direction imjxjsod on it by C,. At this point no current passes 
ihroiigh the galvanometer G. A cell of accurately known electro¬ 
motive force IS then substituted for Cj and the experiment repeated; 
the ralKi of lhe E.M.l\s is then equal to the ratio of the two resist¬ 
ances AO. Ti> avoid calibraling the whole length of the wire AB 
it is usual to concentrate nearly all the resistance between A and 
B 111 two accurately known resistance's Rj and leaving tlie 
inlernieiliate ware for the final adjustment. 

Standard Cells. -U is fouiwl that the E.M.F. dcvvlf^pc d by a cell 
depends not only on the nature of the solutions but also on their 
concentration. Const'quently in standard cells—i.c. cells of con¬ 
stant aiul known E.M.E.— 
it IS necessary to eniidoy 
s<ilutions of Jibsfilutely con¬ 
stant concentration, and 
lliis is mo>l easily achieved 
by using slightly soluble or 
insoluble salts, whose solu¬ 
bility may if necessary be 
depressed by a fixed con- 
contralion of another salt 
with a common ion. Tlie 
temperature • coefticieiit of 
the E.M.F. should also be 
as small as possible, for 
obvious reasons, and the 
materials must be such as 
are easily obtained pure. 
It is also essential that the 
passage of a current should 
not produce new substances 
— such as gas—at the elec¬ 
trodes, since this w'ould alter 
the electromotive lorce. 
Such a disturbance is called fnlarization, nnd a standard coll that 
liecame ix^larized would be useless. Mercury electrodes are also 
desinible, because mercury surfaces, being liquid, are constantly 
renewed, and it is found that the E.M.F. of cells is affected by 
any mechanical strains at the electrrxles and is also slightly 
dependent on the nature of the metal surface. 
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The diagram shows the Weston cell, in which all these condi¬ 
tions are observed. One electrode is pure mercury, while the other 
consists of mercury containing 12 jicr cent of cadmium (slight 
variations in this percentage arc witliout effect). The intervening 
solution is saturated with both cadmium and mercurous sulphates, 
and is in contact with crystals of these substances (CCISO4.8/3HJO 
and HgjSOJ. the former being in contact with both electrodes, the 
latter with the mercury electrode only. The E.M.P., which has a 
small but not negligible tcinperaUirc-cocfficient. has a value at 20® 
of 1*0183 volts. If not kept in a therinostut. the cell should be 
wrapped in cot ton-wool in a box. 

When the circuit is closed, cadmium atoms leave the amalgam 
to become cadmium ions, and ni<Tcur(»us ions leave the solution to 
become mercury atoms at the in<*r- 
cury electrode. These processc*s 
would alter the concentration of tlju 
solution an<l hcncc alter the E.M.l'. 
were it not for the fact that the 
solution remains saturated with 
both sulphates owjig to the presence 
of the solid. Nevertheless standard 
cells shoxjld never Ihj allowed to 
supply current fur more than a few 
moments at a time In^causc I lie 
process of solution is a slow one. 

Standard Electrodes.—The E.M.F. 
produced by a standard cell is 
the result of two proccssc'S, one 
at cadi electrode, and in order to 
investigate them separately 
a standard cled rode or half-cell is 
rc<[uired. The calomel electrode, 1 he most commonly used of these, 
is shown in the diagram. In llie ’ normal * electrode a normal 
solution of potassium chluiide is used, in the ' saturated ' electrode 
file solid ion is saturated with Ixith calomel (mercurous chloride, 
HgoClj) and potassium chloride. W'hcii the electrode is in use, the 
lap A is closed and the tap B is open. At other limes B is closed to 
prevent diffusion along the side-tube, which dips into the same 
' bridge ' solution as the side-lube of the other electrode. Two 
electrodes arc required before any measurements can bo made. If 
we wish to compare the E.M.h'.s of two electrodes, we cou]>Ie them 
in turn with the same standanl electrode and take the difference 
between the E.M.Ks of the cell in the two experiments to be the 
difference between the E.M.F.s of the two electrodes wc are in- 
vesligating. An arbitrary vjilue of zero is lhereh>re assigned to the 
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potontial of one electrode and all other values are expressed on this 
scale. The blaiidard hydrogen electrode is that usually selected, and 

this we must now shortly describe, 
for in addition to its use as a 



So Iinv Nohmai. Hydrogi^n 

htUCTKOUK 


The Electrode Foteotia].— 

trodes it is possible to find 


standard it is of great theoretical 
import anct*. 

The hydrogen electrode is 
usually a complicated instrument; 
the diagram shows a simple typo. 
Hydrogen at standard prcsstire 
bubbles up through an acid solu- 
turn of standard concentration it) 
which a cylinder of platinum foil 
is partially immersed, lilectriad 
connection is made with this cylin¬ 
der, and a siphon tube filled with 
the acid solution leads to the bridge 
solution ill which dijis the side-tube 
of the other electrode, whatever it 
may be. Hydrogen dissolves in 
the platinum, the solution be¬ 
having as though it were a 
tnctalUc alloy, and the chemical 
change which takes place in this 
ek^ctrode is H„^2H*+2 electrons. 


With the help of tlicsc standard elec- 
out how the electromotive force of a 
metal dipping in a solution of one of its salts vanes with the nature 


of tlie metal and the 
concentration of the 
solution. We shall first 
discuss the theory of the 
variation with concen¬ 
tration, which was first 
worked out by Nehnst. 

The relation can be 
most simply derived 
from a con.sideration of 
what Ls called a con¬ 
centration cell. This in- 



Porous 

partition, 


dilutionY 



. . 'J 




dilution 


Fig. Si. A Conckntkation Cell 


eludes two electrodes of 

the same metal dipping in solutions of the same salt of this metal at 
dillerent dilutions and or concentrations C| and Cg, where 

and , If the potential difference of a metal towards 

Cj C, 





ELECTROCHEMISTRY AND PHOTOCHEMISTRY 251 

solutions of its salts depends on tUeir concentration, such a com¬ 
bination must have an electromotive force, and this is borne out bv 
experiment. To reduce our argument to its simplest terms we shall 
first supix)sc that the sole reactions accompanying current flow are 
the production of cation on the side of lower concentration, and the 
deposition of an equal amount of cation on the side of higher 
concentration. In order to lake into account the known divergence 
of ionic species from ideal behaviour as solutes we shall be obliged 
to replace the concentnititm C of cation by the quantity a, called 
the activity. The fundamental meaning of activity is that an ion 
at concentration C behaves identically like an ideal solute at con¬ 
cent ration a (see also p. 157). Let tlic valency of the cation be n, 
and let the potentials of the electrodes with respect to the solutions 
be Ui and Then if a gram-atom of the metal is dissolved off one 
tOeclrodc and doj>osjted on the other, a charge of nF coulomKs lias 
passed round the circuit (F^0,490. or the number of coulombs 
in n faraday), and the electrical work done has been — 

since Ej—potential difference between the electrodes, 
assuming (and this is only true as a first approximation) that there 
IS no potential difference at the porous partition where the solutions 
meet. Simultaneoumy one gram-ion of tlic metal has been added 
To the solution of lower cona*ntra(ion, and an equal amount removed 
(by electrcKle deposition) fiom the solulkin of higher concentration. 
The loss F of free energy involved is that of the transference of 
one gram-ion from the highci concentration (activity Hj) to the 
lower concentration (activity «,), namely RT log a^/a, (see p. 229). 
As iliese changes may be coiulucte^l isothcrmally and reversibly 
we have 

tt- - F (see p. 229). 

«F(2f, log a^lUf 


or 


or 


R 7 


Now we shall define the standard clci-trode potential oi a metal 

as its ixitcntial towaids a solution with its ions at unit activity, 

^ R'J 

and denote it by Eq. Therefore, when log ti,. 

This is the relation between the electrode potential of a metal and 
the activity of its ions. The value of however, and consequently 
of El, can be calculated only in terms of the potential of some 
i^landard electrode. 

Only when the ionic concentration is small may we write —--^1 

O'i Cj 

and the formula is then in aprmiient with experiment. It can be 
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seen from the formula that the change m potential caused by, say, 
a tenfold reduction in the ionic activity is the same for all metals 
of the same valency. For univalent metals at 25® it is equal to: 

l-OQX (273+25)X4 *i8 , .. ,, 

x oe^ 10=0 05b volt. 

In this calculation 1*99 is the value ol R m calories, (273 + 25) is 
the temjierature, 4*18 is the number of joules in a calorie, 

and 9fj,4QO is the number of coulombs in a faraday. 

We have now to consider whether in practice we can limit the 
cell reactions m the way we have assumed. One sinijde device may 
he illustraieil by an example. Suppo.se ihe electrode'' are of silver, 
and the dissolved sail is silver nitrate. If now jxUHSRium nitrate 
greatly in excess of the silver salt is dis.sotvcd to give equal con¬ 
centrations on the two sides of the cell, the current throu^’h the 
cell will l>e borne almost wholly by this salt; furthci. the movements 
of anion needed to balance the changes in the silver cation an; 
accomplished with negligible change of free energy. Another 
advantage secured by the presence ol the ' carrier ' salt is that the 
potential at the liquid junction is reduce<i to a negligible quantity 
isoc p. 256). In a cell so prepiirecl wc mav set and wc 

find tlie formula derived above is well con finned by exj>cTiment. 

The Activity Coefficient. -The i<!cal molecular free energy of a 
solute whicii is not an electrolyu* is F'—RJ* log C, where C is Ihi* 
molecular concentration This expression holds I airly exactly up 
10 about C’--i lor most non-ek'clrolytcs. Ionic species, however, 
diverge Inrni xleal behaviour even at low concern rat 10ns, and it is 
nm*ssary to write Z+c^^tfi, and /“being called the activity 

coipctc^it, and a the rtch'ri/v. For a strong (completely dissociated) 
electrolyte, yielding two ions oi equal charges, the total moleculai 
free energy V is F+'+F./ .- RT log a+a.. In piacticc it is usually 
not |x)si-il>le to distincuish the scp.anttc activities of the cation and 
atnon. I'lie inean activity of the ions a is dotmed bv the equation 

a*—<1 


Hence F'—-2R'F log a. If each ion behaved independently and 
ideally the free energy of the clcclrolvte (concentration C) would l>e 
F'=2Rr log C. The ratio dlC-=/ is tenned the activity crh'Jficient 
of the clectroiyte, or, more significantly, its thnmodyvamic degree of 
dissociation. The standard slate tor ionic species is thus i, and 
not C^i ns for non-electrol3rtes. 

As th<? phy.sicaJ and chemical l>ehaviour of clectrc^lytes, a.s ol non- 
electrolytes, is ultimately determined by the free energy, the 
measurement of the activity coefficient is of fundamental importance. 
The most direct method, of which we give only an outline, is from 
the E.M.F. of suitable cells. Consider a cell formed from a hvdrogen 
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♦^icctroclc (with gas at I atm. pn*smirc) and an elcrtrmle of 
silver coated with silver chlnride, lH)lh cKvtrodes dipping u^to llu^ 
same solution of hy(lr<K*hloric arid, of concentration C. In this 
cell the silver is the i>ositive ix>le. If the E.M.F. is li, and one 
faraday of electiicitv has flowed, the electrical work gamed is EF, 
and the following chemical change has (»cruiTed in the cell: 

atm.)+Ag('l(s) lICI(<lissolvcd)+Ag(deiK)sitcd). 

The loss of hydrogen gas, of silver chloride, and the de|M)sition of 
silv<T will occasion the same change of fn*^ enon^y, whatrwor the 
e<Micentration of the acid in the cell. If the mean activity ol the 
If ms of hyilrochloric acid at concenl ration C is a. ils pr<»dnction 
onuses a gain zRT h)g a ol free energy. Hence the lotal diminution 
of free energy /•* is given by 

F constant — *RT Ifig a. 

Hence EF «constant —2JI/' K»g a. Putting in the value of RJ /F 
f<n' 23 ' we iin<l 

Constant-'/. -:0*1 jt) li»g r?. 

If o*n(i log (' is subtracted from each side we have 

Constant —(E 4 o-i TO log C) o*ti(» log/. 

N(»w as C decriMsi^ to /.ero, f appioaches unity, and log/approaches 
^erfj. Hence il the olHi*rvcs.l v.ilucsof the ([uantity (/;4 0*ii0 log C) 
are plotteil against C, or mtire camveiiientlv, agaiiLst \/(\ oNtra- 
polaliou to (’ i) gives the value of the constant, and then log / and 
hence ( can be dcleriniiied f*>i any value i»t th<* acid coucciilratifjn C. 
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Ac /ivn V AND AcTiMTY Coi:rricn.NT of Kyurochloioc Arm 


Activity cociricicnts for a range of <*oncentrations of a large number 
of electrolytes have been (letcrmiiicd and tabulated. They all 
show similar behaviour in falling to a minimum and then rising to 
values above unity, as in the example of hydrochloric arid above. 
Tlie above data show that the me;in activity of the ions is unity 
wJien tlie concentration of the acid is 1 •13N. The standard hydrogen 
electrode should therefore contain acid of this concentration. 

Standard Electrode Potentials.— By coupling an electrode in which 
<4j is known with a standard electrode, such as the standard hydrogen, 
whose potential we arbitrarily wt at ^cro, and measuring the E.M.F, 
of the combination, wo can calculate Eq for the metal in question 



254 THEORETICAL AND INORGANIC CHEMISTRY 

from ihe known value of a, and the observed value of E,. Since 

Rl 

I lie term log aj vanishes when a, is equal to unity, E^^ is the 

potential ot the metal with res|)ect to a solution of its ions of unit 
activity. The following table shows some of the values on the 
hydrogen scale. On the convention we have adopted, a negative 
pcjtcntial indicates a greater tendency than hydrogen has to pass 
into solution in the ionic fonn; but the contrary convention is 
sometimes preferred. 


Metal 

Ion 

Polrnlial 

[vofts). 

25" C- 

Metal 

Jon 

[voils), 

25" c. 

l.i 

1.1 

— j'02 

fil 

C(l’’ 

- 0*40 

Kl) 

Til) 

- J 

(’.> 

or 

- o*iS 

K 

K' 

• 2*02 

Ni 

Ni ” 

- 0-33 

Cit 

ar 

— J'lHy 

Sii 

Sn’’ 

-0*14 

Nil 

Nik’ 

-271 

I'b 

l>b’ 

—0'12 

Mg 

Mg" 


H 

H 

0*00 

Al 

Al” 

— I'Wi 

Cii 

( u 

•! <>M 4 

Mil 

Ml." 

— i*o8 

Hg 

Hg.*' 

•1 O'lSo 

Zn 

Zn’ 

— 07(1 

Ag 

Ag 

-j-o^Ho 

h‘c 

Fe” 

“<>‘44 

All 

An" 

4 i-jO 


This is the well-known electrochemical serkts of the metals; we 
shall consider some of the chemical consequences of these values 
later in the chapter. Electrodes can also be made fnjtn elcinenls 
such as oxygen or the halogens, which yield negative ions, but 
cxjierimental difhcuUies have first to be overcome, and an oxygen 
electrode constructed in the same way as a hydrogen electrode 
does not give satisfactory readings, probably because an oxide of 
platinum is produced. There is no evidence for the existence in 
water of oxygen ions, O*; if any are formed they immciUately 
combine with water: The results of such 

measurements arc as ioUows on the standanl hydrogen sc;de: 


Element 

Ion 

Potential (volts), 

25 “ C. 

Fa (t atm.) 

F' 

-I-2-85 

Clj (i atm.) 

cr 

4-1-358 

Br, ( 1 ) 

Br' 

4 i-oOs 

I* (s) 

V 

4 0-335 

0, (i atm.) 

OH' 

4 0-400 
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The Effect of Ionic Transport on ELM.F. —We may now consider 
the effect of ionic transport upon the E.M.F. of a concentration cell, 
i.e. the eHect of omitlinf; the ‘ carrier * salt mentioned in a precedinf^ 
paragraph. In Chapter IV wc found that when one gram-atom of a 
metal dissolved off the anode and one gram-atom was deposited on 
the cathode, there took place at the same time a movement of the 
ions through the solution. Did no such movement take place, 
the result of the passage of the cum*nt would 1 m? to add one gram- 
ion to the anode compartment and remove <jnc gram-ion from the 
cathode compartment; but on acc<mnt of the movement of the 
ions the anode compartment gains only 7 * gram-ions of the cation, 
whore 7 ^ is the transport numk*r of the anion, and tlic catljode 
compartment loses only gram-ions of tf»c c-ation. The same 
considerations »apply to the uni<m, so thaf the total transference of 
electrolyte from one solution in the oilier, when one pram-atom of 
the meltU is dissiilved from the anCHlc and deposited on the cathode, 
is not one gram-inoiecule but gram-mok'culcs. The value of ICj 


(p. 251) is therefore not h)g — but 

HP H r ' 


Dctenniiiation of Transport Nimbm— Consider two cells used 
in senes, thus: 

Calomel electrode-hydrogen electrode working in HCl cone. Ci 

connected to 

Hydrogen electrode-calomel electrode working in HCl cone. C, 



t'lQ. 82. Double Cell for Dsterminatiok op Transport Numburs 


The two hydrogen electrodes are electrically connected, and when 
a faraday of electricity passes round the circuit, one gram-molecule 
of hydrogen chloride is moved from one solution to tiic other. The 
E.M.F. of the combination can without difficulty be seen to be 

-«• Now the E.M.F. of an ordinary hydrochloric acid 

* - 
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concentration cell, consisting of two hydrogen electrodes in hydro^ 
chloric acid of C(»n cent rat ion C| and Cg, has been shown above to he 


— .log wljcre Tg is (he transport numiHT of the cliloriclc ion. 
r 


The value of Tg is therefore equal to 


E.M.F. of simple cell 
E.M.ETofJonhIcTccir 


The 


value of the transport namber of the hydmgeii ion in this solution 
can l>e obtained by subtracting T« from i, or by experiments with 
concentration cells of similar type but slightly different con.s(itutior, 
This is the most accurate method available for the determination 
of transport numbers, and the results are in cxcellont agHn^meni 
willi those of the Hittorf and movnng-boumlary' methods, but 
suitable cells cannot always l>c found for the experiments. 

The Liquid Junction Potential. —A simple kinetic ex]>lanation can 
be given of the origin of the potential difioience between two 
solutions of the same electrolyte at different concentrations. The 
electrolyte tends to travel from the more concentrated to the more 
dilute solution, but if the mobilities of the ions are different the 
more rapid ion (whether cation or anion) will tend to leave the slower 
ion behind. Since they are optwsitely charged, this causes a 
potential differ<‘nrc which quickly reaches an equilibrium value► 
This potential difference will not exist for electrolytes whose ions 
have almost equal transport numbers, e.g. potassium chloride. 

E.H.F. and Chemical Affinity. —Having made some examination 
of these systems from the electrical point of view, wo may d(*velop 
the relation l)etween the E.M.F. of a cell and the chemical iitfiiuty 
of the reaction taking place in it. We have already planted out 
that when the E.M.F. of a reversible cell is measured with a poten¬ 
tiometer the process is carried out with the production of the 
maximum work. Electrical work is measured in joules or volt- 
coulombs, and is easily calculated in these units by multiplying 

the number of coulombs that have traversed the circuit bv the 

• 

E.M.F. in volts. In electrochemical calculations the faxadav is 

. 

more often used than the coulomb; it is the charge required to 
deposit a gram-ion of a univalent metal from its solutions and (as 
mentioned alx>ve) is equal to 0.490 couloinhs. The electrical 
work required Is then 0.490 E, or FE, as it is generally writ ten. 
If the metal is valent (he work rcquircxl per gram-atom is uFH. 
The numerical result will be in joules. To convert it to calories 
we must divide by 4*18, since i calorie=4*i8 joules. 

It was at one time supposed that the electrical energy which 
could be obtained from a cell, if converted to calories, would exactly 
equal the heat liberated in the cell reaction when this w'as allowed 
to take place freely in a calorimeter. That this idea is erroneous 
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can be shown from the fact that endothermic reactions can be 
made to liberate electrical energy. Tliis view should be compared 
with the very similar and equally false opinion that the affinity 
of a reaction could be exactly measured by the heat which it 
evolved. The electrical theory appeared, however, to be strongly 
supj^orted by measurements on the Daiiiell cell, The E.M.F. ol 
this cell is l* 10 volts, so the electrical work obtained from the reaction 

Zn+CuSO^^Cu 1 ZnSO|, 
or, as we should now write it: 


Zii+cu“->Cu f Zir\ 

. I IOX<>6,4<jOX2 o , . WT t X- /lx 

IS- ^ =-50,000 calorics. Now the evolution of heat 

^*lo 

when tins reaction is carricci out in a calorimeter is 50,100 calories, 
so the two values arc in fair agreement. 

Once it is understood that the free energy change is a measure 
of the afTmity of the reaction it l>ecomcs obvious that tins agrceinenl 
is fortuitous. From the Glims-HEi miioi.tz equation (Chapter VII, 

p. 235) it is kn(»wn that (1 —, where G is the affinity and 

// the heat absorlx'd when the reaction takes place freely at constant 
pressure. Now G-’—nFE and where U the heat 

liberated in a calorimeter. So that: 


q^^nFE-yj'^ 


,,.d(«F/:) 


cir 


or q 



If this equation is to be correct for the Daniell cell, in which q^ is 

d/f 

very nearly equal to iiFE, the term must be very' small, and 

the E.M.h\ must have an exceedingly small temperature-coefficient. 
Experiments on the Doxiiell cell show this prediction to be correct. 
Since the temperature-coefficient of E.M.F, of most cells is fairly 
small, C is often nearly equal to the heat developed in the chemical 
reaction, A reversible cell is therefore a highly efficient machine 
for turning chemical eneigy into work. If the energy derived 
from the reaction C+O^—by burning coal in boilers could 
be converted into electricity in a suitable ccU, the efficiency of the 
process could lie trebled; but unfortunately no such cell is known 
au<l all efforts to construct one have failed. 

Calculations of Eqmlibrinm-coiistaDts.— From H.M.V. measure* 
moots wo can calculate the affmity of a reaction, iicnce the 
concentrations at which the affinity is equal to zero—that is, the 
equilibrium concentrations - and consequently the equilibrium* 
constant. Our first illustration of the process will be the calculation 
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of the ionic product of water from measurements of E.M.F. If 
hydrogen electrodes in molar hydrochloric acid and molar 
caustic soda are connected to form a cell, and a correction is applied 
for the potential difference at the liquid junction, the E.M.F. is 
found to be o*8i volt at i8® C. The electrical work of the cell is 

therefore calorics— i8,6qo calories. Now the cell 

reaction is simply the comlnuatum of hydrogen and hydroxyl ions 
to form water: and from our experimental data 

wo shall be able to calculate the equilibrium-constant of this 
reaction, which is usually written in the form fH*l [ 01 V]- A'w 
'file connection between the affinity of this reaction and its equi- 
librium-constant is given by 

The extent of the dissociation of water is so small that, when it has 
occurred, the water has not changed appreciably from its standard 
state. Hence: 

C* -RT log, /fw. 

, — j8,()Q0 


. «—14.1 or [H'j 

i'98x29ixlog« JO ^ I i 

a result in excellent agreement with other methods. 

The table of standard electrode potentials on p. 254 enn now be 
put to good use. It is immediately obvious from the tal)lo which 
metal will displace another from a molar solution of its ions. I'hese 
processes, however, are never complete {though they are often so 
nearly complete as to evade chemical tests), thus the equilibrium 
concentrations can only be calculated from a study of the affinity. 
The copper-zinc equilibrium, Cu'+Zn^Zn''+Cu, may bo examined 
in tliis way. It is the reaction which takes place in a Daniell cell, 

and the equilibrium-constant is E.M.F. of 

a Daniell cell when the copp>er sulphate and zinc sulphate are in 

approximately equimolecular concentrations is i*io volts (i.e. 

/ X LI . ..L 1^*1 1 • I* 10X06,490X2 

0*34+076, see table), so the electneal work is-4*i8^- 

calorics=50,800 calories. Adopting our previous notation: 


—50,800= — RT log 


[Zn-] 


Zn „ « 

[Cu ] 

practical purposes* 


[Cu-] 

It will readily be understood that for all 
•such as those of analysis—copper is ‘ com- 
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pletely' precipitated from its solutions by zinc. It is equally 
obvious from consideration of the smaller table of electrode 
potentials for anions that chlorine will displace bromine and iodine 
from their salts. 

Oxidation-teductioD Potentials. —The tJieorotical treatment may 
now be extended to metals whose ions have more than one valency, 
.^iich elements are capable of acting Jts oxidizing or reducing agents, 
since the terms oxidation or reduction when applied to ions smiply 
mean the' removal or addition of clectr<ms. Thus when a ferric 
km takes up an electron it bi'cotncs a ferrous ion, and when a 
stannic urn takes uj> two electron*; it becomes a stannous ion: 


1 ' c * -h cle(*t ron ‘ ai h I 


Sn*‘”*i 2 elocln)ns-:»^Sn''. 


Conskler an iron electrode in equilibrium with a solution containing 
both Icrrous nnd ferric ions. Three changes are possilke: 

(i) Fu-^1*c** + 2 I'lcclrons. (li) 3 elecirons. 

(iii) Ke’b elect ion -^To*. 

At equilibrium the tendencies of these changes to take place must 
all be r(|ual (or zero; tlic two statements are indistinguishable), 
iuxl cun hQ expressed as |)otcinials: in terms of some standard 
electrode |H)ten 1 ial call them E, E\ and /t*. Now 

#? 7 * 

!■: - F.^-\ [I'e ] 




( 1 -Vj. 


Multiply the first equation bv 2 and the st«oiid by 3 and subtract, 
Ihcii 3/:'“-2£—3Eo'~‘2EQH*^*.l<)g^^^..j. Since we 

have that const ant “h —say 


Tlic value of L'o" called the standard oxidation-reduction potential 
of tl)’^ system Fc *-t*elect ron<*Fe**. When the dilfcrcncc bctw'een 
the charges of the ions is », the expression takes the lurin: 



By the use of suitable cells these equilibria can l>c inv'cstigated. 
Consider, for example, a standard hydrogen electrode in combina¬ 
tion with an electrode consisting of a noble metal such as gold or 
platinum (i.c. a metal that has a negligible tendency to emit 
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ions into the solution) dipping in a solution containing a concen¬ 
tration Cy of stannous and a concentration Cj of staunic ions. 
The reaction in the tin solution is Sn*‘**-|-2 elcctrons^Sn *. and the 
electrons required are liberated at the hydrogen electrode by the 
change electrons. Since the potential of the stan<lard 

hydrogen electrode is taken as zero, the h-.M.F. of the cell is given 


r 




Platinum 


Parous 

partition 



Sn'JcojKrc, 

« « « ^ « ♦ « V 

^ •••• 

bn cone. Cj 


• •• 
% • 

li*:; 




♦ 4 




- Standard 


en 


Hydro^i 
electrode 


Kio. 83. CKLt urn Jnvbstp(;atimo tub Stawnoua-Stannk* Ion 

Equiubbiuw 


bv the equation E'—The change Sn*’'*+2 elec¬ 
trons-**Sn may be compared with (he very similar change 
Cu* +2 electronj^-*^Cii, which gives rise to a potential which wc 


RT 

have seen la bt* 


The following are some stainlard 


oxidation-reilurtion potentials, all relcrred to the standard hydrogen 
electrode as zero. A positive sign means (for instance) that a 
molar solution of ferric ions is more easily reduced tr* h^rrous ions 
than a molar solution of an acid is reducwl to hydiogeu. It should 
thus be impossible to liberate hydrogen from a solution of feme 
ions in ntprrnal acid without first converting nearly all the ijon to 
the ferrous condition. 


Ion coitfile 

Poicnlial 

(volh) 

C/)‘7Ca* 

1*82 

(e /Ce 

- 1 I -55 

Tr*‘/Tr 

-1 t-25 

]'»■ /rc 

d 077 

TiO"/Ti" 

H-o-io 

V'/V" 

^0*25 

Cr"/Cr" 

—0*41 
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Allotropy*—An ingenious application of the theory of electrode 
potentials has been made to the study of allotropy. It has already 
been stated that tin exists in two allotropic forms, grey and white 
tin, whose rate of transformation is exceedingly slow at ordinary 
temperatures. This makes it very difficult to determine the trans¬ 
it urn temperature with any accuracy. If two electrodes, one of 
grey tin and one u! white tin, are placed m the same solution, at 
a temj>eralure at which they are not in e<|tiilibrimn, a jH)tential 
difference will be established lx*tween them corresponding with 
ihe affinity at tliat temperature ol the icactiou: grey tin—►white tin. 
This can be verilied experiment ally, and by varying the temperature 
of the cell a temperature can be found at which the H.M.h’. changes 
sign-i.e. has zero value—and this inuM lie ihi* transition 
teini>er;iture (13® C.). 

Solubility 0! Slightly Soluble Salts.—Jfy H.M.F. nicasurcnicnis it 
is al.so possible to determine the solubilitv slightly soluble salts. 
Consider the cell: 


Silver rJcctroile in 
M/too !silv<*r nitrate* 


llndf^r I Silver el<s:trocl<* in a saturated soJuUoo 
«>oluti(m , ot sjIvit ohlorulc in M/too potas^^ium 
chlorid<* 


This IS a concentration cell foi silvei. if the concentration of 
silver ions in the left-hand solution is put at 0*01 and in the right- 

hand solution at fAg'J, we have E-- ^ dog from which [Ag*] 

can be calculated when E has been measured. Now the concentra¬ 
tion of chloride ions in the right-hand scilution can safely be put a! 
0*01, so [Ag ] [Cri can be calrnluied: this is the solubility-product 
of silver chloride, and is equal U» the s<|uare of the solubility 
(Chapter VI, p. iRq). 

Complei Ions.—The E.M.F. method is one ol the best available 
(or the investigation of complex ions (Chapter VI, p. 197). Thus 
the cell: 


^jlvf-r ck*ctrc.»<je in | ItridRe i Sjilvcr ciectrocle m a solution M/xo in 
M/10 silver lutratc 1 sulution \ •Hlvor nitrate anri M/5 in ammonia 

can be used to find the silver ion concentration in the right-hand 
solution by the method already explained. This concentration 
will be found very small, on account of the formation of the complex 
ion Ag.zNH;,*. Tlie formula ol this complex and its dissociation- 
constant can be elucidated by a series of similar determinations. 
This is an example of how the electrode potential may be affected 
by the addition of a substance capable of producing a complex 
ion and thereby reducing the concentration of the ion with respect 
to which the electrode is reversible. If a concentrated solution 
of potassium cyanide is added to the copper sulphate solution nf 
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a Daniell cell, the E.M.F. can be made actually to change its direc¬ 
tion We have shown a little way back that this will happen 

when about lo**. The copper cyanide complex ion leaves 

so minute a concentration oi cupric ions in the solution that this 
ratio IS exceeded. 

Hydrogen loo Concentration.—From the examples we have given 
it will be obvious that by measurements of E.M.h*. we can determine 
ionic concentrations. The peculiar advantage of the method is 
its application to very low ionic concentrations—so low indeed as 
to be altogether inaccessible to chemical tests. In recent years 
the determination of hydrogen ion concentrations with the hydrogen 
electrcnle has received great attention and has become important 
in many branches of industry. Hydrogen at standard pressure is 
simply bubbled through a platinum cylinder in the liquid under 
investigation, which Ls connected by a bridge solution with a 
standard electrode, and the E.M.F. tneasuriKl. For every unit 
increase in the value of the solution the E.M.F. rise« bv 
R'l 

p log^ lo=sO‘05Q voU at 25” C The hydrolysis ol a salt solution 

can readily be calculated by such measurements. When the degree 
of hydrolysis is very small, as it often is, this is probably the liesl 
mctlHKj available. The use of the hydrogen electrode in polentio- 
metric titrations will be discussed shortly. 

Detennination of Valency.—The concentration*celi formula 
RT C 

£s= p.log can be used to determine the value of n, that is, the 

valency of an ion. This is very seldom necessary, but one or two 
doubtful cases do exist, such as the mercurous ion. For reasons 
which will be found summarized on p. 509 it is believed that this 
ion is not Hg but Hgj *. The question can be settled by measuring 
the E.M.F. of a concentration cell of, say, mercurous nitrate with 
mercury electrodes. Ogg, by whom these experiments were 
carried out, found that the E.M.F, was represented by the formula 

RT. c c, 




_ log^‘, from which it follows that the 
F C, 


mercurous ion is Hg^ . Mercury is therefore not univalent in these 
ions, which are best regarded as complexes produced by combination 
between a mercuric ion and an atom of mercury: . 

Summary ol Applications.—At this stage it will be as well to 
recapitulate the chemical applications of E.M.F. measurements 
which we have shortly discuss^: 

(i) Investigation ol the equilibnuoi between a metal and its 
ions. 
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(ii) Determination of transport numbers. 

(iii) Determination of the ionic product of water. 

(iv) Investigation of the equilibrium between different ions— 
e.g. Cu*’ and Zn*‘ or CT and T. 

(v) Investigation of the ec|uilibrium between different ions of 
the same metal. 

(vi) Investigation of the equilibrium between allotropic forms 
of the same metal. 

(vii) Measurement of the solubility of slightly soluble salts. 

(vhi) Determination oi the constitution and dissocidtioO’Cimstant 

of complex ions. 

(ix) Measurement of hydrogen ion concentration and hence of 
hydrolysis. 

(x) Determination of the valency of 10ns. 

Electrical Methods in Analysis: Electrometric Titration.-Electro- 
metric methods of titration arc l<i-clay weU establislied. It bits 
already been pointed out (Cha|)tcr VI, p. 206) tliat in llic titration 
of a strong nckl with a strong haju; ihe hy(lr<»gon ion ct>ri cent rat ion 
suddenly cluingcs at the end-point. 

It is this which causes an indicator to 
change colour, but it can equally well 
be detected by the sudden jump in the 
potential of a hydrogen electrode im¬ 
mersed in the liquid. The diagram 
shows the change in the potential of a 
hydrogen clectrcxle connected to a 
standard electrode when a stning acid is 
added to 25 c.c. of a strong base of equal 
concentration. It should be comjxinxl 
with the neutralization diagram*^ on 
p. 207. The E.M.F. is measuied in the 
ordinary way with a potentiometer. 

The great advantage of the method 
is that it can be applied to strongly 
coloured solutions in which an ordinary indicator would be useless, 
and it is already much used in industry and in biochemistry. In 
some recent types of apparatus designed for use in works laboratories 
the titration has been made automatic. When the E.M.F. reaches 
a certain value it works a relay which stops the flow of liquid from 
the burette, and the operator has merely to record the burette 
readings; hence unskilled labour may be used. Electrometric titra¬ 
tion has been applied to many other reactions besides neutralization, 
but we cannot discuss such methods here. 



— c.c field —^ 

Fig. 84 Fi.EcrROMiiTRic 
Titration 
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Conductivity Titiatioo*—Conductivity titration methods, though 
different in principle, can conveniently be discussed here. It is 

obvious tliat during titra¬ 
tion the specific conduc¬ 
tivity of a liquid will 
undergo changes, and 
further consideration will 
show that a sharp break 
will be found in the curve 
connecting conductivity 
and compf^sition at the 
end-poi n t. I f, fo r exam p Ic, 
concentr jf Oil hydro* 
chloric acid is slowly 
added tf> dilute caii‘;1ic 
soda, hydn^xyl jons are 
removed from the solution 
and chlorine ions are 
added to it. Since the 
Fio 85. Conductivity Titration Sironc hydroxyl ion has a much 
Base and Strong Acin greater mobility than the 

chlorine ion (or ind(‘cd 
than any other ion except the hydrogen ion), the conductivity 
falls until the whole of the base has lieen neutralized (point A 
in Fig. 85). Further 
addition of acid then 
rapidly raises Ihe 
conductivity. By plot¬ 
ting the conductivity 
of the solution against 
the volume of acid 
added, th e posit i on of the 
break in the curve, and 
hence the end - point, 
can be observed. It 
is not necessary actu¬ 
ally to detennine the 
specific conductivity at 
the end-point, for if 
a number of determin- Fig 86. Condoctivity Titration, Strong 
ations are made on each Bask and Weak Acid 

straight line the point 

of intersection can be accurately ftjund by a graphical method. 
Fig. 86 shows the type of diagram obtained with a strong base and 
weak add. 
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Similar considerations apply to precipitation reactions, such as 
the estimation of barium chloride with standard sodium sulphate. 
As the conductivity of a solution of a sodium salt is less than that 
of an equivalent solution of the same salt of barium, the conductivity 
sinks til! it reaches a minimum at the end-point, when it begins to rise 
(Fig, 87). The flattening at the end-point is due to the slight solubility 
of the precipitate: a per¬ 
fectly insoluble substance 
would give a sharp break. 

The advcujtagcs of the 
conductivity method over 
titration with indicators 
are that it can l>c used 
wi t h coh J ured sol ut io ns, 
for the titration of weak 
acids with weak bases, and 
for many titrations for 
which IK) indicator met hod 
has yet been devised—c.g. 
acetates can be titrated 
with strong acids to the 
en<l-point of the reaction 
CHg.COO'-l H'->CHj.COOfT, ^^^d ammonium salts with a strong 
base to the end-point of the reaction On the 

other hand the temperature of the titration mixture must be k<‘pt 
approximately constant, the added reagent must be very concen¬ 
trated couiiMiccl with the other (to avoid <iiluting the solution), 
and careful consideration must be given to the mobilities of the ions 
concerned in precipitation titrations licfoic the c.\[HTimcnt can be 
successfully carried out. 

The conductivity method of titration was first suggested by 
Kohi.uauscu, the discoverer of the law of independent mobiliiy 
of ions. 

Grayimetric Analysis.—Electrical methods were used in gravi¬ 
metric analysis before they were introduced into volumetric 
analysis. A consideration of the table of electrode potentials 
on *p. 254 shows that it should be possible to precipitate 
copper, mercury, and silver from even an acid solution before 
hydrogen is evolved, and this can iu fact be done. By weighing 
the cathode before and after the passage of the current, the weight 
of metal originally contained in the solution is calculated. 'I'he 
conclusion that metals with negative potentials on the hydro¬ 
gen scale cannot be deposited from solution is. however, by no 
means always justified. While the conditions which make for a 
successful analysis are sometimes very complex and are not always 
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completely understood, the following general principles may be 
stated: 

1. The. evolution of hydrogen may be prevented by reducing the 
hydrogen ion concentration to a sufficiently low figure—i.e. by 
making the solution alkaline—so long as this can be done without 
decreasing the concentration ol the metal ions to an equal degree 
either by precipitation as hydroxide or by complex ton formation. 

2. At certain cathodes hydrogen can be liberated only by a 
voltage much in excess of the theoretical: this 'hydrogen over¬ 
voltage * may bo put to account bv choosing a cathode on which the 
metal can bo deposited bnl at which hydrogen cannot he liberated. 

3. Provided tliat the evolution of hydrogen has 1«*en successfully 
prevented, metals may l>e separated—i.e. one can be practically 
completely deposited before the other—if their electrode {Hit enI infs 
be sufficiently far apart. Since f<*r a bivalent metal the electrode 

RT 

potential changes ^^dogeio—0*029 ^ tenfold fall in 

concentration, a difference of o*i volt in the standard electrode 
potential corresponds with an approximately tliciusandfcjld con¬ 
centration difference. For successful analysis it is unsafe to rely 
on less than a o z-volt difference. In electro-analysis the solu¬ 
tion is usually mechanically stirred to avoid local inequalities of 
concentration, 

4. In spite of this, the deposition of any given metal can nearly 
always be avoided by adding to the solution a salt w'ith which it 
forms a scarcely-dissociated complex ion. Tliis reduces the ionic 
concentration of the metal to a point at which there is iit> longer 
any tendency for deposition to take place. 

Technical Applications.—In the last forty or fifty years the tech¬ 
nical applications of electrochemistry have made enormous progress, 
which is still being maintained. We shall very briefly discuss in 
turn: 1. Refining; 2. Preparations; 3. Plating; and 4. Accumulators. 

I. Refining .—In refining metals by electrolysis the same prin¬ 
ciples apply as were discussed under the heading of Gravimetric 
Analysis, viz. the conditions must be so arranged that only the 
desired metal is deposited on the cathode while the impurities 
remain in solution. Generally speaking, electro-refining is profit¬ 
able only if the pure metal commands a considerably higher price 
than the unrefined product; thus gold, silver, copper, zinc, and tin 
are all purified in this way. The copper process will serve as an 
example. The anode consists of impure copper, the cathode of the 
pure metal, while the liquid is a solution of copper sulphate in 
dilute sulphuric acid to which arc added small quantities of other 
substances which are found to improve tlic smootlincss of the 
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deposit on the cathode. When the current is applied, copper 
dissolves off the anode and is deposited on the cathenie at an equai 
rate. Impurities less ' noble ’ than copper remain in the solution, 
which must therefore be renewd from time to lime, while insoluble 
impurities or noble metals hke silver or gold do not enter the solu¬ 
tion at all, but fall from the anode in a slimy state. This anode 
slime is collected and worked up for the predous metals. The 
product of the refining process contains about 99*98 per cent 
of copper. 

2. l*repataUons .—The electrolytic method is invaluable tor the 
preparation of metals whose oxides can only be reduced, if at all, 
witli very great difficiihy bv the ordinary methods of chemistry. 
Since the electrode potentials of these metals are usually so low 
that they cannot be deposited from oven the most concentrated 
aqueous solutions of their sails, the process is carried out in the 
fused compound and in the absence of water. Sodium, potassium, 
magnesium, calcium, and aluminium are all prepared on the com¬ 
mercial scale by the electrolysis of their (used compounds, as 
described later under these metals. 

Alio vs are sometimes manulactured by <lcpositing the constituents 
simultaneouslv from a mixed solution of their salts, and amalgams 
required in the laboratory are often prepared by electrolysing a 
.solution of the salt of the metal with a mercury cathode. 

If the aqueous solution of a salt of sodium or potassium is elec¬ 
trolysed, hydrogen is liberated at the cathode, leaving hydroxyl 
ions in the solution. The electrolysis of brine (as solutions of sodium 
chloride are called) therefore produces hydrogen and a solution 
of caustic soda at the cathode, and chlorine at the anode, and 
is used on a very large scale for this purpose. Since chlorine 
reacts with caustic soda, the anode and cathode liquids must 
be separated by a porous diaphragm or by some other device 
for preventing diffusion from one to the other. The cells designed 
for this purpose are described under the heading Sodium. If the 
electrolyte is allowed to mix, hypochlorite, chlorate, and perchlorate 
can all be prepared under suitable conditions. 

The electrolysis of sodium hydroxide solution is used for the 
commercial preparation of hydrogen and oxygen. The greatest 
advantage of the process is the high degree of purity of the gases. 
In the laboratory the purest pebble hydre^en is made by the 
electrolysis ot baryta solutions—since barium carbonate is insoluble 
no carbon dioxide can be present in the solution. 

Reduction and oxidation processes at the electrodes are also put 
to use both in laboratory and works practice. For successful 
operation it is usually necessary to chc^ an electrode with a 
sufficiently high over-voltage for hydrogen or oxygen, as the case 
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may be, to prevent the evolution of gas, and the process is then 
similar to the well-known uses of ‘ nascent * hydrogen. The 
catalytic effect of the electrodes and the current density (the 
current divided by the area of the electrode immersed in the 
electrolyte) are also impx)rtanl factors. As an example of a reduc¬ 
tion process we may quote the production of good yields of either 
azobenzene (CgH5.N2.C1H5) or hydrazobenzene (CgH5.NH.NH.C5H5) 
from nitrobenzene (C5H5.NO2). By electrolytic oxidation it is 
possible to prepare substances which, so far as is kmjwn, can be 
made in no other way. Thus persulphuric acid, H^S^Og, is made by 
the electrolysis at a low temperature of (airly concentrated sulphuric 
acid at a smooth {ilatinum anode that ha.s a high oxygen over¬ 
voltage. The liberation of oxygen is thus avoidc<l and the sulphate 
ions combine to form ])ersul|>liate ions: electrons. 

Since these ions would be reduced at tl^e cathode, the electrodes 
must be separated by a diaphr;igm. 

The very active clement fluorine, which instantly decomposes 
water, was first prepareil by Moissan by the electrolysis of a 
fluoride dissolvivl in anhydrous hydrogen fluoride, and electrolysis 
IS still the only practicable mctliod of prc|>aring the gas. In 3927 
an oxide of fluorine, F^O, wns prepared for the first lime by the 
electrolysis of jKitassiuin hydrogen fluoride in the presence of a 
little water, and in 1929 the electrolysis of ammrnuum hydrogen 
fluoride yielded the hitherto unknown mlrogcn trilluoride, NFj. 

3. Plating .—This can sometimes bo carried out by the immersion 
of the object to be plated in a suitable solution, but the proccs.s is 
usually assisted by making the object the cathode and passing a 
current. In order to get a smooth coherent deposit the surface 
must be very cleaji and the metal deposited from a solution in 
which the concentration of its ions is very low. This can be 
effected by adding a salt which forms a complex with the plating 
ion and lowers its concentration—e.g. copper-plating baths usually 
contain cyanides. X-ray examination of cathode deposits has 
shown them to consist of a mass ul small crystals of the metal. 
If the deposit is made from a solution in which the met id ion has 
a Iiigh concentration, the crystals tend to set with one of their 
faces parallel to the surface of the cathode, while if the metal 
ion concentration is reduced by the addition of a complex-forming 
electrolyte, the arrangement of the crystals is haphazard. This 
haphazard anangement imparts mecbanicnl strength ajid hardness 
to the deposit and increases its resistance to abrasion. 

Iron can be plated with zinc to protect it against corrosion 
either by dipping it in the molten metal or by electrolysis, which 
gives a better protection; the product is popularly called 
‘ galvanized iron.' In the same way silver mirrors can be pro- 
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tccted against tarnishing by atmosplieric hydrogen sulphide by 
covering them with a tliin electrolytic deposit of rhodium. Table¬ 
ware, jew<?llery, and onuimcnlal obi('cts arc plated with gold or 
silver by an electrolytic process, and metal fittings are now very 
commonly plated with diromiuiii or cadmium to preserve their 
[Xjlisli. 

Some books are printed from electroplates. A wax impression 
or negative is made of the ordinary type and is covcied with 
graphite to rentier its surface conducting. This surface is then 
copper-plated until a thick enough plate has l)ecn produced, which 
can be detached from the wax by melting oH llic latter. Printing 
is the/i clone from the copper plalc, so tha( the onginal tyj.>e can 
be used again without loss of time. 

4. Accnmulaiots .—When dilute sulphuric acid is electrolysed 
bctwwn lead electrodes, ie*id dioxide is formed as a brown dciM>sit 
on the anode by electrolytic oxidation: 

rb+2140—4 electrons-^ PbOj-l-4ir. 

The action is reversible, and is the basis of the lead accumulator, 
still the most widely used method of storing electrical energy. 

If shed lead is UM»d for the plates they s<.>on become covered, 
during elect roly sn, by a deposit of lead dioxide which prevents 
any furtlier action. They are therefore made in the form of a 
grid with bevelled edges, and the spaces are filled with a prepara¬ 
tion of rod lead, Pb^O^. 'Fliis allows the electrolyte to penetrate 
the electrode, and during charging the anode becomes thickly 
covered W'lth the dioxide, while spongy lead is produced by reduction 
at the cathode. 

On discharge, while the accumulator is being used to supply 
current, the following actions take place: 

At the anode: Pb0j+H2S0^-[-2H*+2electrons“^PbS04+2H20. 

At the cathode Pbd-SO^'-^'PbSO^-fa electrons. 

During the charging process the opjiosile actions take place. Since 
lead sulphate is almost insoluble, the concentration of lead ions in 
the solution is always very small. If chlorides are present in the 
electrolyte, chlorine is set free during charging and this attacks 
the lc*id plates: loss of water by evaporation must therefore be 
made good with distilled water, not tap-water. 

The Edison accumulator depends on the reaction 

Fe-h2Ni(OH)3-^*Fe(OH),+2Ni(OH>, 

that takes place on discharge, and is reversed when the accumulator 
is charged. The positive plate is covered with nickelic hydroxide, 
Ni(OH)3, while the negative plate is covered with finely-divided 
iron, and the electrolyte is 20 per cent caustic potash with a little 
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lithium hydroxide. This accumulator bears mechanical shock 
and abrupt changes of load better than the lead accumulator^ but 
the ratio of energy-capacity to weight if less favourable. 

Reactions in the Electric Discbai^e.—Electric discharges of 
various types are also much used ui the preparation of ga.ses, both 
on A la})oratory and on a technical scale, e.g. in ozonizers. The 
principal object ol the use of an electric arc in the synthesis of 
nitric oxide was to reach a very high tcmiieraiure, but specifically 
electrical etfccts come into play, and the yields obtained are in 
excess oi those that a study of the thermal equilibrium would load 
one to cxpixt. The conception of tcmjieraliirc depends on the 
view that the molecules of a gas lose or gam energy only by col¬ 
lision: on this basis the probabiliiv of the energy possessed by 
a molecule exceeding any given vsUue can l>e calculated, and the 
calculations ate in general agreemcni with the lemperalure- 
roefTicioni ot the velocity of chemical change. But in the <-R>ctric 
discharge or the electric arc s<*me of the molecules are ionized 
and consequently accelerated by the electrical force acting on 
them, so that no precise temperature can be a.ssigncd to gases 
under these conditions, nor is it reasonable to expect thermal 
equilibrium to be reached. Later on we shall describe more than 
one type of electric furnace—e.g. the phosphorus furnace or the 
carborundum funiace, but the function of the current in these 
furnaces is not electrolytic: it is used simply as a source of heat 
by passing a very large current through a high resistance. 


Photochkmistuy 

This branch of chemistry deals with the connection between 
chemK'a) processes and the emission or absorption of light. It will 
be convenient to draw an immetliate distinction between (i) chemical 
processes which emit light and (2) chemical processes which are 
affected bv the light falling on the system. 

I. Chemicai Processes which emit Light, —The heal developed in 
a chemical reaction (such as an explosion) is often sufficient to raise 
the reacting substances to incandescence, but the light given out 
in this way is merely a conse<tuence of the high temperature of the 
system and we need not consider it here We arc more concerned 
with the various kinds of light emission (called luminescence, 
phosphorescence, or fluorescence) which take place at comparatively 
low temperatures. The theory of luminescence (and indeed of 
phntocirt-mistrv in general) is still imperfectly developed, and no 
general explanatitm of these phenomena is available. A few 
common examples of their occurrence may suffice as an illustration. 
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Decomposing organic matter sometimes shines in the dark (and 
of course in the light as well, though the shine is then less easily 
seen), and the light omitted by certain insects (fire-flies, glow-worms) 
and marine protozoa (the so-called * phosphorescence ' of the sea) 
is probably due to chemical reaction. When concentrated ammonia 
is acted on by chlorine gas to form nitn)gen and ammonium chloride, 
a bright red Hash is visible, especially in a darkened room. The 
feeble light emu led during the slow oxidation of phosphorus is 
well known, and is exhibited in a more intense fijrm when a suspen¬ 
sion ot phos])honis in glacial acetic acid is oxidized by hydrogen 
peroxide. It had been known for centuru^s that cnicnim sulphide 
gave out light on wanning, but it has only recently been discovered 
that impure calcium sulphuhr is much more active than the pure 
substuiux*. Luminous paint, such as is used on watches, contains 
calcium suiplurte. When bromine reacts with acetylene a green 
light or ' cold flame * is visible, and many organic c()nii)ounds are 
known that cun l>e made to react with luminescence. 

2. Effect of L\^hi on ChemcaJ CAawgc.—Many reactions take 
place only wluui light is alluwcil to fall (»n the reaction mixture. 
Hydrogen aiul chlorine combine slowly 111 diffuscnl daylight and 
with explosion in bright sunlight. A s>ilutiua of mercuric chloride 
and ainmornum oxalate is |KTfectly stable in the dark but deposits 
calomel when illuiiunuted. 

COONH^ 

2llg(:i..+ t =.HKX4-h2CO, !-2NH,rL 

(OONH^ 

Some unstable or explosive substances can l>e prepared with safety 
only in the dark—e.g. the well-known explosive compound 
formerly called nitrogen iodide. The most important of all such 
reactions are, however, those that go on in the living organism. 
Nearly all jdants wither if not siiijplied with light, though a few 
are known—e.g. variou^ fungi—which can grow in the dark, while 
mcKst ft^rms of bacteria are destroyed by light of certain kinds, 
such as the radiation from mercury vapour lamps, a fact which 
hius been made use of in water-purilication. The function of the 
grccji colouring matter, Morophyll, in the leaves of plants is to 
absorb the light necessary for the reactions by whk'h the carbon 
dioxide of the air, together with water and other substances drawn 
from the soil, is converted to the very complex organic substances 
that can be detected in the plant. 

The theory of the majonly of these processes is unfortunately 
quite uncertain, though in recent years srjme progress has been 
made towards their elucidation. Leaving on one side as beyond 
the range of this book the reactions that occur in living organisms 
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we shall find it convenient to divide photochemical prwesses into 
those which under the influence of light reach the ordinary or 
so-called ' thermal' equilibrium, and those which reach an 
equilibrium, called the ' stationary slate/ no longer stable when 
the light has been removed. In the first chiss the light acts as 
a catalyst, and nuTolv accelerates a process that could be reached 
more slowly—perhaj^s infinitely slowly—in the dark. In the 
second it does work against the chcniicnl forces, and it is as though 
a new variable had been inlriKlucod into the system lK*si(lcs the 
leni]>erature and pressure fainiliur to us, 

D^mposition of Hydrogen Bromide.—As an exatnjile of the 
first type we may take the partial decomposition of hydrogen 
bromide into hydrogen and bromine. It was found in this as in 
all other pholochemuid reactions that the only effeclive light was 
the light that the system absorbed, and by a well-known law of 
physics, the absorbed wave-lengths are those which the substance 
itself emits when in an excited stale. It should perhaps be added 
that ]photochemistry deals not only with the wave-lengths of the 
visible spectrum, but also with the very active ultra-viol<*t rays, 
excluding only the infra«re<l wave-lengths comprised under the 
term ' radiant heat/ 'llie main purpose of the investigation of 
the hy<lrogen bromide dccom|)osition was to find out how 1he 
amount of <lecomposilioii efleeted depended on the amount of light 
absorl>cd. Tliis involves a measurement of the intensity of a certain 
wave-length Ix'fnrc and after absorption, always a dlflicult matler. 

Law of the Photochemical Equivalent.—Before discussing the 
results we must shortly describe the Law of the Phohchcmical 
Equivalent introduced by Einstein in 1906. Long bcfijrc that 
lime it was fairly clear that a certain quantity of light energy was 
absorbed by one of the atoms of the reacting substance, and that 
this atom was thereby raised to a state of activitv in which it 
wa.s capable of reactions impossible to it in the unexcited condition. 
The probable nature of this excitation will be clearer after the 
discussion of atomic structure in Cliapter X. Ernstein connected 
this view with the quantum theory', then recently introduced, 
accc^rding to which energy could only be absorbed or emitted in 
definite though very small amounts, or multiples of them, connected 
with the frequency of the al>sorbcd or emitted radiation by the 
cejuation E^-hv, where E is the energy, j' the frequency, and h a 
universal constant (called Pijvnck's Cofistatii). He supposed that 
photocheniical excitation consisted in the absoiyjtion of one of 
these quanta by an atom, which was then capable of reaction, 
'rhis theory can be tested as follows. If the frequency of the 
absorbed light and the quantity absorbed are known, it is possible 
to calculate the number of quanta absorbed and to compare it 
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with the number of atoms (or molecules) which have reacted. 
The two numbers should be in approximate agreement. 

Experimental Tests.—Tlie first calculations were very disappoint- 
ing. In the combination of hydrogen and chlorine, for example, 
the yield per quantum was about a million molecules of hydrogen 
cliloride instead of one. But the new theory gave a great stimulus 
to photochemical research, and in a few years more than one reac¬ 
tion had been investigated which gave results in promising agree¬ 
ment with theory. In the hydrogen bromide reaction it appeared 
that almost exactly half a quantum was required per molecule; 
but since half a quantum can, by definition, exist no more than 
half an atom can. it is better to say that one quantum will decompose 
two molcctilcs. This may appe^ar puzzling, but it is possible to 
assume that the quantum absorbed by a hydrogen bre^mide molecule 
endows it with sufficient energy to convert it to atoms, and that 
tiio hydrogen atom thereby produc.ed disnipts a second molecule 
willxiut rc<iuiring any more light energy. The three steps {XDSlu- 
1.1 ted are shown below, and can all be shown to have a jiositivo 
affinity—an important point in the verilicntion of such a hypothesis, 
(i) HBr [ (iuantuin->lH-Rr. (ii) H + HBr^IIj+Br. 

(iii) HrfBr^Hr^ 

Combination of Hydrogen and Chlorine.—A similar explanation 
{originally suggested by Nemst) is now generally believed to 
accoimi for tlic .abnormal yield of the hydrogen chloride syn¬ 
thesis. In this reaction the chain mechanism begun by the absorp¬ 
tion of a quanium continues much longer: Cl«+quantum-^Ci-t Cl; 

H+CU-^HCl hCl. etc. Tlie same idea accounts 
iti a convincing way lor Uie anticatalytic elTect of oxygon .and other 
impurities, which had much puzzled earlier investigators; for the 
{»xygon molecules may be supposed to bring the chains to an end by 
reacting with tlic free atoms of liyclrogen or chlorine which alone 
cause it to continue. The pi in ci pul ditfcroace bctwceji the photo¬ 
chemical syntheses of hydr<»gcn bromide .and hydrogen chloride is 
that the reaction Br-|-H2 has a negative affinity, or, in 

other words, cannot take place, while the reaction Cl + Ha^HCl-l H 
talce:: pi .ace f reely. C onset ] uen I ly the react i i m cha in 5 in t h c h yd r<.>gci 1 
chloride system are much longer and the system is far more 
sensitive to light. 

'flic hydrc»gcn chloride photosynthesis has been the object of an 
immense amount of expo rime nti and thou re I leal work, and it has 
been establishe<l that, for a given pressure of hydrogen, the reaction 
rate is expressible in the form 

d[HCl]_W|ClJ» 

d/ [OJ’* 
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where I is the light intensity. The value of « is unity when the 
pressure of liydrogeii is small, and n=2 when bytlrogen is in excess. 
The reaefion shrews an induction period: that is, some time is 
required 1)0fore it will start at all. It has Ixicn shown that this 
time is necessary for the chlorination of nitrogenous aJ^ticatalysts 
intnducod into (he system as impurities in the gases or from the 
vessel. If (heir quantity is reduced the reaction starts wdh a 
shorter induct if m fjoriod. 

In the sSC'coiid typo of photochemical reaction the system readies 
different states of equilibrium in light ami in the dark, 1*1 lus in 
ultra-violet light the hydrcH-arbon anthracene polymerizes to an 

an t J) roccnc < h u ri tlirnccno 

extent dci^ending on the intensity of the illumination, while in the 
dark the reverso reaction takes place nearly completely. By far 
the most important in practice of such reactions arc the decomposi¬ 
tions of the silver halides in jPhotography. While much remains 
as yet unexplained, it is p<iH.sible after many years of research to 
give a general account of the process. 

Photography.—Tbe decomposition of the silver hnlides is a 
reversible process. When a thin layer of the halide is exj)ose(] in 
a high vacuum to a bright light, halogen is lost and a definite photo¬ 
chemical equilibrium is reached. The residue is i>robably a solid 
solution of silver in the remaining halide, but if the residue is 
exposed to the action of the halogen in the dark it recovers its 
original condition. The photographic film usually consists of 
particles of silver bromide, with other substances, embedded in 
gelatine, and when exposure to light takes place the minute quan¬ 
tities of bromine set free combine with the gelatine, so that the 
action is no longer reversible, and when the exposure is over, the 
film contains particles—perhaps only atoms—of silver which do not 
return to their previous state of combination. In all such exposures 
the quantities affected are too small to be directly detected by 
chemical methods, but if the illuminated film is treated with a 
suitable reducing agent, such as p^TOgallol, the remaining silver 
halide is reduced to silver most rapidly at the points at which silver 
nuclei are already present, and a visible image is thereby developed, 
and then ‘ fixed.' It has recently been discovered that minute 
amounts of sulphur-containing aimpounds. normally present in 
gelatine, exert a special sensitizing action on silver bromide in 
respect to light. Tlie theory has been proposed that small pr(»- 
portions of silver bromide are converted into silver sulphide, and 
that the light acts only on the biomide in contact with the sulphide, 
which is itself insensitive to light. 
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From tlie very brief account we have given of the complicated 
phenomena of photochemistry it should be clear that while Einstein's 
Ijiw offers the best hope of a mon* adequate understanding of the 
subject, yet further fundamental generalizalions will probably be 
necessary before all the difficulties can Ik; dealt with. 
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COM.OID AND SUi^ACE CilEMISTRY 

The uitramicroRcnpv—Chissitication oi coltoKiai systems ^Si 76 of colloid 
par t ic \ eA— * I he Brow juh n movement—] *emn 's exper j men t — Pi al y sis— 
Methods oi preparing colloidal solutions—Von Woimam's theory—Htectrical 
charges on colloids — Co;tgolatioo—The mass of sol particles—The source 
of electric charge on particles—Protection—Colour of colloidal solutions 
—Applications of colloirj chemistry—Adsoq'tion—The adsoiptiou isotherm 
—Adsorption inchcators—Heterogeneous catalysis—Characteristics of sur* 
face catalysis—Usi* ol isotopic exchange icact*ons—Order of surface re¬ 
actions—Poisoning bv the piodiicts—Heterogeneous catalyses in industry 

Our treatment of solutions lias hitherto been tacitly confined to 
homogeneous systems, though it is obvious that all solutions are 
ultimately lieterugene<ius, since they contain (liffrrenl kinds of 
molecules. We have, luiwcver, excluded such Ininids as ap[iear 
turhid or opalescent, and lo thosi' wo miM now turn our attention. 

The Ultramicroscope.— '11 le most olnhous test of ilu* homogeneity 
of a solution is its optical cltinty, but it w%is early recognized that 
on this matter the evidence of the unaided eye wa5 cjuile insuiricicni. 
Freshly-prepared distilled watei, which under ordinary condilions 
appears jx'rtcclly transparent, ran be shown to conlaiu iiuanlities 
of suspended pari ides, and the same applies to all the liquids used 
in the laboratory. Zsicmonoy's ullramicroscope is the lM*st in- 
strumont for demonstrating this. In the ultramicrubCnjH* a very 
intense beam of light, concentrated by a lens system from an arc. 
is piissed through the liquid under exaiumatioii» and a micioscopi' 
IS placed with its axis at right angles to the path of the beam. II 
no particles are present except the molecules of the li<phd, little 
the incident light is scattered into the microscoj)e, and an eye 
applied to the instrument secs merely a dark held, but if any 
< I ISC rote particles arc present they aj>pcar as disks of sratlorcd Bglit, 
and even to the iiaitcd eye the path of the bi‘:Lm through ilic liquid 
is visible if the jxirticlc.s are sufficiently numerous. This method 
originates from the Tyndai.i. effect, and recalls the appearance 
of a beam of sunlight streaming through a chink in a shutter into 
the dusty air of a darkened room. It is the best test of the so-called 
homogeneity of a solution—by which we mean the absence of par¬ 
ticles of more than molecular dimensions -but in practice it Ls 
complicated by the difficulty of preparing even pure liquids in 
so dust-free a condition that they do not show the elTect. Some 
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liquids can be treed trom dust by carrying out a precipitation in 
them in a closed vessel; the dust particles are usually carried down 
with the precipitate in a way that we shall shortly investigate 
more closely, leaving the body of the liquid clear, but with othei 
liquids this is impossible. Thus feme chloride solutions are never 
optically clear, for the colloidal Icrnc hydroxide formed by hydro¬ 
lysis IS always visible, under the uUratnicroscopc, 

ClassiAcabon 0! Colloidal Systems,—With the help of the ultra¬ 
microscope extended investigations have been made of colloidal 
solutions in whicli the solute particles vary in si7-e between the 
molecules or ions of a true solution and comparatively large 
particles such as those present m rapidly-settling suspensions. 
There ts, however, a large variety of heterogenciius systems which 
must bo invosiignted by other methods. Beyond giving an example 
or two ot each we shall not be able to discuss them here. Tlie 
particles are called the disperse pha%e, the medium is called the 
d%$pfff\ion medium. 
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Si2e of Colloid Particles. Before alluding to Phrrin's work on 
the kinetic pro]>crties of colloidal solutions we shall do well to fix 
our ideas by making some estimate of the size of the particles in 
such solutions with relation to (a) molecular dimensions, and 
(b) particles visible in an ordinary microscope. The diameter of 
the hydrogen molecule is of the order of lO'* cm., while large 
molecules of well-defined compounds mav have diameters up to. 
say, 10“’ cm. At 5 x io“’ cm. it is fpossible to detect colloidal 
particles with the ultramicroscope. The smallest body visible in 
an ordinary micrnscojx* has a diameter of about cm., and there 
IS no hope of reducing this limit much farther, because the wave¬ 
length of light is about 5x10*^ cm. and bodies much smaller 
than this cannot be visible in the ordinary sense. It is. however, 
si ill possible to detect their presence in the ultramicroscope as 
disks of light, though no direct estimate of their size, shape, or 
colour can be obtained in this wav. As regard-s their proj>erties 
in solution there is in fact an insensible gradation between particles 
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visible to the naked eye and molecules, and it is of great importance 
to realize thus fact. Tlie dimensions of what are generally described 
as colloid particles lie between about lO"^ cm. and something 
below lO”’ cm. 

The Brownian Uovement. —A particle as large as cm., if 
suspended in a liquid and observed in a microscope, is seen to l)e 
m continual motion. This was first noticed by the botanist Brown 
in 1827, and is called the Brownian m<n'ement after him; the (juan- 
titative explanation of the phenomenon has been one of the iniimphs 
of the kinetic theory It whs at first supposed that the motion 
wcis due to convection currents in the li<|uid. but careful exjHrnments 
showed that this opinion was untenable. The motion is. m fact, 
thermal agitation of exactly the same nature as the thermal agita¬ 
tion of the moieculos ol a gas disiu^-setl in (‘hapier II. The first 
succe.ssful invcstigaliun ol the Hrowiiinn movement was due to 
Perrin, and ihe student cannot do better than read his book Lcs 
Atomts^ which ha.s been translated into English. 

Perrin^s Elxperimeots.^Por (]iiantitativc mcasurcinents it is 
obviously desirable to have a suspension in which all Ihe particles 
axe of equal or nearly equal size and weight. Perrin used emulsions 
of gamboge and mastic in water, and srtned them out by a laborious 
process of fractional centrifuging. Since the particles arc denser 
than water, if the emulsion is centrifuged in a long tulx' they lend 
to congregate at the outside or rapitily moving cnil and to leave 
the stationary end. Nevertheless the Broivnian movement of the 
particles counteracts this to a degree depending on the diameter 
of the particle, for small ones move much faster under the influence 
of the Brownian movement than lai^e ones, so that a gradient is 
set up along the tube in two ways: (i) particles of all diameters are 
more numerous at the outside end; (ii) the average diameter of the 
particle increases from the stationary to the outside end. By 
discarding all particles except those in a certain part of the tube, 
and by continually repeating the separation. Perrin was able to 
obtain a small quantity of an emulsion containing grains of very 
nearly equal diameter, about 4x10“* cm., or rather larger than 
most colloidal particles. The density of the grains was measured 
without difficulty by the usual methods, since for this purpose a 
large number of grains can be used; but for the measurement of 
the diameter special methods had to be devised, as the grains were 
near the limit of microscopic visibility. Perrin found that they 
could be made to settle on glass in straight rows, whose length 
could be determined with fair accuracy. By counting the numl>er 
of particles in a row the diameter of each was calculated, and this 
was chocked by methods which we need not describe Having 
prepared in this way an emulsion in which all the grams were of 
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equaJ and known size and weight, Perrin studied the vertical 
flistnbution of the grains by focusing a microscoi^e on different 
horizontal layers of the liquid and counting the number of particles 
visible in the field, In this way he was able to find out with 
considerable accuracy the extent to which the lower layers of liquid 
were richer in grains than the up(>cr layers. 

The causes of this concentration gradient are precisely similar 
ic) tliose prevailing in the lube of the centrifuge, since the cenlri- 
fugal force is replaced by gravity, but in this case the particles are 
all e(|ual in diameter and there is no diflcrcnix* be I ween the average 
size of the particles in the lop and bottom layers. It is obvious 
that if tile kinetic theory is corrw.t— that is to say. if the Brownian 
movement of the grains is due simply to bombarilmcnt l)y solvent 
molecules—the particles, though hea\icr than water, will never 
come to rest on the bottom of the vessid, but will set up a concen¬ 
tration gradient such that the lower layers of Ifipud contain more 
particles than the iifqxjr ones. Now the extent of tJie l»rownian 
movement dci>en<ls on the size of the parlii les. For large particles 
the movement is inij>erceptible liecaiise the nuininT of molecules 
striking them (ruin all directions in a slmrl interval of lime is so 
immensely large that the probability of a resultant force in any 
direction is negligible. Just so a cork <m tlie surface of u choppy 
sea IS in incessant motion, while a large ship is scarcely affected. 
I'oT small particles the ellcci of gravity is excee<.lingly small in 
comparison with the eflect of molecular collisions, so that the 
difference in density bctwwn the top and bottom of a gas column 
a few metres high cannot be detected. Nevertheless the conreii- 
Inition gradient, though very slight, is easily percejiliblc ewer great 
heights, and the dciisUy of the atmosphere gradually decreases 
Irom the surface ol the earth outwards until it reaches a figure 
indistinguishable from zero. The selective effect noticed in the 
centrifuge lube also occurs, for at great heights the air is richer in 
the lighter constituent nitrogen. From exact measurements of the 
concentration gradient of any such system it is possible on the 
basis of the mathematical kinetic theory to calculate the weight 
of the particles, assuming a known v;Uuo nf .^vogadro’s constant, 
or, knowing (as Perrin did^ the weight of the particles, to calculate 
Avogadro's constant. The value obtaineil w:is fK)*qxio^-, in good 
agreement with the value calculated by other methods. This 
agreciuent not only piuves ihe kiuetic explaiiaLiou ul the Biowiiiaii 
movement to be correct, but is also evidence in favour of Avogaclro's 
hypothesis and the kinetic theory of liquids: that is, it supports 
in the strongest way the molecular theory of matter. 

Dialysifi.—The first systcnuilic or extensive investigations of 
colloidal solutions were madi‘ by rjRAH.A.M in the eighteen-sixties. 

K 
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Ha was struck by tlic very marked differences that electrolytes 
and sudi substances as albumin or gelatine showed in the speed of 
diffusion 111 rough a solution, ami lie found that the former class 
would diffuse freely t)m)ugh membranes made from parchment 
paper or animal bladders, which retaincxJ the latter. The former 
class, whether olecliolyfe.s or not, he called crvRtalloidsi, the latter 
coUoids, and tlic process of sep;iration with a membrane he called 
dialysis. We now know that there is no rigi<l line to be drawn 
botw«*cn colloids and crystalloids, cither as regards tin dr molecular 
weights in solution, {X)wer of passing a membrane, (*r optical pro¬ 
perties. The ])ro[Krlii^ of the solution change gradually from typical 
crystalloid pn)iK‘rtics to typically colloid proporlies as the molecular 

weight grows larger, and such a 
crystalloid a.s cane sugar may sIk^w 
( lie Tyndall olfcct in very concen- 
tratenj solutions. 

Animal membranes arc now but 
rarely used in dialysis, their ]>lace 
having bet'n taken by collodion 
or parchment paper. The process 
is still much xiscii for the separa¬ 
tion of colhiids from electrolytes, an 
1*10 88 Di/mvshr apparatus similar to that shown 

in the diagram being employed. 
A suitable lunnel-shaped mcmlu-ane (an ordinary filter-pa]>er is of 
course ustdess) is placed in the funnel, and washed \vith a constant 
stream of water, whose level is automatically fixinl by the ]>orforated 
side-lube. 

Uethods of preparing Colloidal SolatioDS.—A large nnml>rr of 
prticesscs have Ix'cn devised for the preparation of culk>idai si;lu- 
tions, and it hius lx?en maintained that it is fHissiblc to prepare 
any substance in such a form. A great advance was made by 
BRKniCr, w'ho found tliat colloidal solutions of silver and many other 
metals could be prepared by passing an electric arc bctw'een elec¬ 
trodes of the metal under the surface of the licpiidi m this process 
the metal is vaporized, and, on sudden condensation at a short 
distance from the arc, particles of colloidal size ate formed. The 
arc method has been brought to a high degree of perlcctioii by 
SvEDHKKu: cither alternating or direct cuiTcnl may be used. Co)- 
loidal solutions of mercury may be obtained by passing mercury 
vapoui mto water, or even by shaking mciCLiry and water violently 
together. The clicmical method is |K.*rhaps the oldest of all. Fara- 
IX^Y produced red and blue solutions of gold by ieducing a i^>lution 
of gold chloiide with an ethereal solution of phosphorus, and all 
chemists arc familiar with the colloidal solutions ol sulphur produced 
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when solutions of hydrogen sulphide arc treated with nitric acid or 
sulphur dioxide; they pass through paper filters and frequently 


cause dimculty in qualitative 
analysis. Electrolytic reduc¬ 
tion has also been used for 
the prepiiration of colloids, 
but the commonest mL*tho<l 
of all is s(;me form of precipi¬ 
tation from solution, either 
by cooling or by diluting the 
solvent with another licjiiid 
m which the solute will not 
dissolve. A theory of the 
production of colloids by 
prccipilaLion has l)ccn worked 
out by VON Wkimakn, and 
as it is very wide in its appli¬ 
cations and is in gooil gem ral 
agrcHnncul with exiXTiinciit 
we >liiill give a short acrouni 
of it hero, though we shall not 
discuss its qucuitdative verili- 
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cation, which has not always 
been v<*r\' Miccossful. 

Vou Weimarn’s Theory.- Von Weiinara introduces 0 function 
f) called the disi>ersion coctTu ient, winch may be defined by the 

equation in which 5 reproscnls the solubility of tlie 

» 7 


substance to be precipitated, and C the concentration in the instant 
before the j>recii‘itatc forms, less the solubility, that is, the excess 
concentration representing the amount which will in time be 
precipitated from unit volume, ij is the viscosity of (lie solution, 
which may he in water or any other solvent. By the use of the 
term dispersion-coefficient von Weimarn inij)lies that this expression 
controls the fineness of the precipitate produced. A low \'aluc of 
d implies the formation of large crystals, and vice versa. According 
to the theory, in any given solvent the fonnalion of a colloidal 
solution should be promoted by a large excess of the substance to 
be precipitated and a low solubility, and this is in fact found to be 
true. Large crystals are rnade by growing them in a solution 
only very slightly supersaturated; small ones by rapidly reducing 
the solubility in a solution as concentrated as possible, either by 
cooling it suddenly or by adding a large excess of some precipitating 
agent. Von Weiinam sujiported his views by experiments on the 
precipitation of barium sulphate from solutions of manganous 
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sulphate and barium thiocyanate (chosen for their high solubility). 
Ill very dilute solutions tairly large crystals were obtained, since 

(2 

under these conditions ^ is fairly small. As the concentration 

increases, the precipitated particles become smaller and smaller 
until in very concentrated solutions a gelatinous precipitate is 
obtaine<l in which no crystalline form can be detected. The very 
line precipitates arc not stable, since very fine particles of a slightly 
solulile substance grow larger in contact with the saturated solution. 
This is because the solubility of a substance is greatest when it is 
in the fijrm of a very fine powder: the la^er the particles the 
smaller the solubility, though the effect is only delectable l>elcjw 
a very small particle si/e. The larger parftck*s tlicrefore grow at 
the expense of the small ones, but this process is exceedingly slow 
unless there is a reasonable solubility, for the transfer must take 
place through the solution. This is why fine precipitates like 
barium sulphate are usually Nfilcd for some tinje before filtration 
—the increased solubility at the higher temjKrature promotes the 
disappearance of the very small p;irlicles which will pass through 
a filler-paper. X-ray analysis by the powder method has shown 
that even small colloid particles are definitely crystalline. 

Electrical Charges on Colloids.—An electric charge is usually, 
though not always, found to be associated with every colloid 
particle. ITis is easily demonstrated by electrolysing the colloidal 
solution in a U-tube and showing that the colloid has begun to 
migrate towards one electnide or the other, either visually if it is 
coloured, or by analysis if it is not. The nugralion is called 
cataphvrcfiis. Generally speaking, metallic hydroxides are posi¬ 
tively charged and consequently migrate towards the cathode, 
and so do some dyestuffs, while other dyestuffs, metoIs, sulpliur, 
sibcic acid, and most ins<jlublc salts <iro negatively charged and 
seek the anode. By varying the conditions of formation it is 
sometimes possible to prepare two colUudal solutions of the same 
substance with charges of opjx^site sign on the particles. By 
calculation from the observed velocities one can estimate the 
average cU'ctric charge per particle. Tlie results differ even between 
different solutunis of the same substance, but colloidal charges are 
always much larger than ionic charges. 

Coagulation.—The electrical charges on colloids, whatever their 
origin, are obviously closely connected with the phenomenon of 
mutual precipitation^ for it is invariably found that colloids of 
opj>osite electrical charge coagulate each other; the particles unite 
and settle on the bottom of the vessel- The electrical charge 
appears therefore to be essential to the permanence of the colloidal 
Slate in nearly all substances, for the equivalence of mutually 
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precipitated colloidal solutions is electrical, that is to say, a given 
positive charge distributed over ihc partides of a colloidal solution 
will precipitate, and be precij)itated by, an exactly equal negative 
chat^e on the particles of another solution. If an excess of one 
solution or the other is added, the particles, which are usually 
of both the kinds origin idly present, take on a positive charge 
if the rnlloid with positive particles is in excess, and vice versa. 
The electrical <loublc layer, as it is colled, which must exist on 
the sSurtace of a colloidal particle appears to keep it from uniting 
with olher ixirticles, anti as soon as the charge hits disappeared 
the particles combine to form larger ones, a phenomenon called 
Konf^nlation. 

'Ihc power of coagnlaling sols is fKissessed in an eminent degree 
by electrolytes, and the efft'ct of an addc<l electrolyte increases 
With tljc valency of its ions, bivalent ions being much more effective 
lhan univalent ions, and tervalent ions more elective still. It is 
further found that the imtM)rlnnt factor is the valency of the ion of 
opfyfmic sign to the colloid: thus the aluminium ion, with three 
positive electronic charges, is vm' offoclivo in precipitating nega* 
live colloids, wliile positive colloids are more readily precipitated 
by the bivalent negative sulphate ion than by the univalent nega¬ 
tive rhloride ion. 

The Mass of Sol Particles.-* Not all particles e.xhibiting typical 
colloidal behaviour apj>car to owe their stability in dispersion 
primarily to an electric charge. Starch, agar-agar, and cellulose 
acetate ('cellophane*) all yield stable dispersions of uncharged 
particles. The so-called * soluble * starch, used in \'olumetric 
analysis, owes its solubility (or disp<'rsibility) to the piescnce of 
phosphate groups, which do give rise to charge<l particles. Wlien 
the particle is electrically neutral it is legitimate to expect that its 
true weight (or molecoiar weight) can be fount 1 from a careful 
mcasuronient of the osmotic pressure of the sol, for Perrin's re¬ 
searches showed that in rt‘spci*t of osmotic effects colloidal particles 
are not abnormal, except in the magnitude of the molerular weight. 
In principle, a cryoscopic observation would serve the same purpo?<', 
but it must be remembered that a molar aqueous solution of any 
substance gives only about 1*9® of depression in the freezing-pomf, 
but has an osmotic pressure (at 0® C.) of over Z2 atmospheres. 
Obviously the latter property *s by far the easiest to observe and 
measure for a solute of high molecular weight. Using a membrane 
of cellophane, and formainidc as solvent. Staudingek found the 
molecular weight of pure starch to vary within the wide limits 
30,000-153,000. Actual osmotic pressures measured were of the 
order of 1-20 mm. of mercur)% 

Particles normally possessing an electric charge, that is those of 
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the nmjtjrity of colloidal systems, would doubtless also show normal 
osmotic behaviour, but it must be noticed that their charges are 
compensated by the presence in the disi^ersion medium of simple, 
and m(;lecularly dissolved, ions. Thus a particle of the hydrosol of 
ferric hydroxide very probably owes its usual jx^sitive charge to 
ferric ions Fe**’ attached by a process of adsorption (see below). 
Suppose a particle holds lo ferric ions in this way; then to 
each such particle lhere must be 30 simple anions such as CY in 
the dispersion medium. Each of the latter ions is osmotically 
active, and the obsen'cd osmotic pressure will be approximately 
31 X /Hf /7 is the pressure due to one unit. Hence we cannot hope 
to evaluate the true molecular weight of the sol particle by this 
moans, Fortunately other methods are availal)le. For simple 
inorganic particles, such as thfjse of metal sols, we may by the use 
of the ultramicroscope count the nunilx^rof particles in. say. i ml. of 
the sol Then, by coagulating a suitable quantity of the sol we 
can weigh directly a known number of particles, and hence obtain 
the average weight of each. In the case of simple inorganic sols 
the conception of molecular weight of the particles has no clear 
meaning, for we may assume, with the sup|>ort of X-ray diffraction 
studies, that these particles are essentially very small crystalline 
specimens of the sul^tance dispersed. A method highly developed 
(principally by Svkdbkrg) for organic colloids, such as proteins, is 
that of the ultra-centrifugc. TWs machine is in principle simply 
a centrifuge capable of extremely high rate of rotation; it in fact 
creates an enormous enhancement of the natural gravitational 
field, and the settling of coarse suspensions under ordinary gravita¬ 
tion is imitated for the vastly smaller sol particles. The method 
has the unique advantage that it displays the molecular weight 
* spectrum.' and permits the ready separation from dilTerent levels 
of the centrifuge vessel of the constituents of ' poly disperse' sols. 
By means of this technique many biological substances of high 
molecular weight formerly thought to be chemical individuals have 
been shown to be mixtures. 

Hie Source of the Electric Charge of Sol Particles.—Since the 
crystals of most substances are held stable by the presence of strung 
interatomic or intermolecular forces, many of which must be styled 
chemical rather than physical, the surface of a solid in vacuo must 
be t he sea 10 f t h ese forces part i aUy or wholly uncom pensa ted. These 
strong attractive forces will draw substances out of gases or solutions 
brought into contact with the solid surface, and attach these firmly 
to it. This surface phenomenon is called adsorption. The mole¬ 
cules so attached may slowly migrate into the body of the solid, 
and become dissolved in the ordinary sense. The total process of 
uptake has been termed sorption. It has been proved in quantita- 
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tive experiments that an adsorptive attachment of simple ions is 
adequate to account fur the characteristic charges on most inorganic 
sol particles. It follows from this that a stable sol of this kind 
cannot be prepared in the complete absence of ions; on the other 
hand, too large a concentration of electrolyte coagulates the sol, 
by forcing a compensating ion on to the already charged surface. 
For all inorganic sols therefore there must be an optimum concen¬ 
tration of suitable ions, that Mvhll yield a preparation of maximutn 
stability, i.e. one in which the charge per |>arliclc is a maximum. 
This view of the source of the charge is strongly supported by the 
common experience tliat too prolonged dialysis of a sol preparation 
renders it unstable; and by the successful reversal of the charge 
on sol particles by changing the ionic comjx)sition of the dispersion 
medium. It has long been known that a sol of silver chloride is 
positively cliarge<l when precipitated from solutions containing 
excess of silver, and negatively charged when exces.s of halide i.s the 
condition of precipitation. If the chaigcs are assumed to dej^encl 
on adsorption of (positive) silver ions, or (negative) halide ions 
these effects are to be expected. It has als‘> been shown that the 
cathodic direction of cataphoresis of a silver sol can be reversed by 
the controlled addition of small amounts of aluminium salt to the 
sol; here adsorption of A!"* ions is tcsi)onsible for the change of 
sign from negative to positive. Experiments of this kind must often 
be disappointing since the sol becomes highly unstable in the inter¬ 
mediate region of low charge, and owing to coagulation fails to pass 
into renewed stability with opposite charge. 

There is u large and imjiortant class of colloids the particles of 
winch secure their charge in a more <lirect way. When the. simple 
anion or cation of a salt consists principally of a long carbon chain 
or other complex organic unit, these ions have a strong tendency 
to aggregate into bundles of high molecular weight and charge. 
Examjiles are the alkali metal salts of higher fatty acids (the soaps) 
while the sulphonales of high-molecular-weight paraffins form the 
chief constituents of modern ' wetting agents/ for this power of 
aggregation is always associated with a large effect on the surface 
tension of the dissolving medium. A number of dyestuffs luve also 
this character. This class of colloids is termed that of colloidal 
electrolytes. Although the condensed ion, w’hich may be an anion 
or a cation, is massive compared with simple ions, it possesses a 
correspondingly high electric charge, and hence its mobility is not 
abnormal. Colloidal electrolyte-s thus behave normally in experi¬ 
ments on their electrical conductivity, and show evidence of full 
ionization. On the other hand, the osmotic and cryoscopic be¬ 
haviour will depend mainly on the simple ions, for the aggregated 
ion has no more effect than any of the simple ions. The osmotic 
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effect of 1 gm.^inol. of sodiuTTi stearate is almost wholly that of 
1 gm.-atr)m of sodmra ion. This salt will therefore l>efiave in a 
cryoscopic experiment as though it were un-ionized. These 
apparently incompaliblc predictions are completely verified in 
experitnents. Certain organic colloids l>ehave as ampholytes. Thus 
the proteins can form salts cither with acids or alkalis. Their 
particles contain many definite aiiion-fonniug centres (c.g. —COOH), 
and cat ion-forming centres (e.g. —RNIIJ. The colloidal anion of 
the soups can be diss<xnaied bv extreme dilution, but protein 
particles can bo degraded into simpler jiarts only by chemical action 
such as hydrolysis. The high electric charges upon the aggregated 
ions of colloidal elect roly les causes the attachment to the aggregate 
of large amounts of the aqueous dispersion metlium: the particles 
are heavily ‘ solvated.' 

Protection,—The i>hcnonieiioii of prolcciion must also be men¬ 
tioned. It is found that certain sols, very' sensitive to the coagu¬ 
lating powers of electrolytes, c;ui Ixj pnjtcctod against llieir action 
by the addition of an organic colUiid, chosen f<ir its stabilily to 
electrolytes. Thus colloidal solutions of ‘iilver cun no longer be* 
precipitated by the addition of electrolytes if they contain a sufficient 
concentration of albumin. The explanation of this effect is not yet 
definitely knoNvn, but it is siipprised (hat the more sensitive colloid 
is enveloped by the less sensitive ami thereby protected against the 
action of cleriroivies. Tlic w:Ucrs of the Nile arc supposed to allord 
an example of protective action. They are always muddy because 
the organic mat lor in colloidal solution protects the suspended clay 
from prccipiUition, but when the sea is reached (he salts contained 
in it precipitate the clay ixs mutl and a delta is formed. 

Colour of Colloidal Solutions.—The colour of ^^oLs is also worthy 
of attention. Many of them arc bluish by tnuismitted and yellowish 
by reflected light for one of the same reasons that the sky is blue— 
the particles scatter the longer waves of the visible sj)ectrum more 
than the shorter ones, which tlierefore preponderate in the trans¬ 
mitted light. But often the panicles themselves show .strong 
selective absorption of light, and then highly coloured sols may 
result, the colour depending not only on the nature of the substance, 
but also on the average size of the particles. Metallic sols may be 
prepared of almost any colour: fuie red, blue, or green dispersions 
may be made from gold. 

Applicatioiis of Colloid Chemistry. —We cannot here give any 
extended discussion of the many applications of colloid chemistry 
in mdustry. Dyeing is essentially a colloid phenomenon, and con¬ 
siderable progress has been made in explaining the theory of the 
process. It is at least certain that no single explanation will cover 
ail the phenomena; it appears that the dye is sometimes chemically 
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combined with the fibre and sometimes adsorbed on its surface. 
Tlie tanning process is another to which the principles of colloid 
chemistry have l)cen successfully applied. Town water-supplies 
arc invariably purified by filtration through beds of clutrcoal or 
sand on which the colloid particles art' adsorbed. Finally, the 
study of life-processes isintimatelv connected with rolloicl chemistry. 
To take onlv two examples^-the larger [>arl of the oxygen disso!v<^ 
in the blond is a<lsorbed on (he surface of the i:orpuscle.s, ami not 
disst)lvcd m the ordinary •'Cnsc; and bacteria behave as colloid 
particles and can be coagulated by .suitable prccipiUnls. rhe field 
is so vast that generalixalion LsdifTicult, but api>liwl colloid chemistry 
js f>ne of the sciences from which the most far-reaching practical 
results may b(' exp<^ctcd. 

Adsorption.-'At this |joint it will be well to consider the phono- 
inena falling under this head more fully. The fact that all solids 
nuist »ittract and hold to tlieir fnyj surfaces gases or sijl>stanccs from 
solution is the reason for many common iJrecHUlion.s bxkcn by the 
analytical chiunisl. Since the amount <»f material adsorbed is 
pHpportional to surface cx(>osod all finely-divided substances are 
invariably dejVMted in a vacuum desiccator for some time prior to 
their being weighed for an analytical o|H*ralion: to remove I lie film 
ot water, crucibles arc ignited and allowed (o cool in a dry atmo¬ 
sphere before weighing. All precipitate’s will adsorb material from 
solution, and due precautions must be adopttnl to minimize this 
inevitable clfect. It is known that many gaseous reactions are 
arrested by ' intcn.sivo * drying {p. 215). It is highly probable 
that many of these proccerl or originate on the walls of the containing 
vessel, and that the eftiriency of that surface dejx^nds on its holding 
a film of water. Later we shall consider the fundamental part 
played by adsorption in surface caltilysis (p. 2‘So). 

Adsorptive equilibrium IxjtwiTn a surface aii<l the bulk phase 
from which adsorption is taking place is reached verv quickly, 
provided the surface is not already covered with a firmly attached 
film. One of the chief difficulties in conducting satusfactory 
experiments to elucidate the process of adsorption lies in the 
elaborate technique essential to ensure * clean ’ surfaces, aiul much 
time has in the past been wostixl on researches in which this prune 
necessity has not received projx*i attention. By cmploving it as 
adsorbent one gram of a ciirefully prepared charcoal has been 
shown to expose a total surface 0/ the order of 100 square metres. 
Nearly all this extent of surface is, of course,' internal/ and clue to 
the extreme porosity of the charcoal. It was miLural lhal early 
exjM’riinents should be confineil lo the use of (his .adsorbent, since 
with it adsorptions arc so large that they can easily be nieaxured 
with simple apparatus. The quantity of gases taken up by charcoal 
•k 
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(for a given final equilibrium pressure) decreases sharply with rise 
of temperature, and so efliciont is its adsor|>tive power when cooled 
by the aid of li<juid air (—190® C.) that until recently this method 
provided one of the best and simplest means of obtaining a high 
vacuum, hy a. moderate rise of temperature, and the assistance of 
evacuation, gases adfyiri>cd on charcoal (or on many other surfaces) 
can often be recovered unchanged and without loss. It has been 
obs<'r\'cd. however, that when oxygen has condensed on charcoal, 
onlv portion cun l)e so easily regained. The remainder is liberated 
only at high temperatures and then as carbon monoxide. The 
same gas conden.s^ on the surface of a tungsten filament (after it 
has Ixicii cleaned by ‘ flashing' at a very high temperature) can 
(Uily be recovered by strong heating and in tlic form of volatilized 
tungsten oxide. ExjX'rimenls of this ly[>c indicate that at least 
in some cases the binding in the film is chemical in nature. It has 
become customary to term this kind of adsfjrption chmisorption, 
and it very probably plays the principal role in surface catalysis 
(p, 

The Adsorption Isotherm.- An adsorption tsotkerm attempts to 
express the relation Ixitween the concentration (<»r pressure) of the 

adsorbate in the exter¬ 
nal solution or gas mix* 
ture, and the mass 
adsorbed per unit area 
of the adsorbent, at con¬ 
stant temperature. No 
single formula has been 
proposed that includes 
all the accumulale<l 
data, although simple 
equations can be derived 
if simplifying assump¬ 
tions about the consti¬ 
tution of the surface film 
are made. For example, 
it may be assumed that 
all sites for adsorption 
arc equivalent in action, and that the known short range of the forces 
causing adsorption limits the thickness of the film to a single mole¬ 
cular layer. Langmuir Wiis the first to show that with these 
premises the relation between the pressure of the external gas and 
the fraction u of the surlacc covered with adsorbed gas is as follows: 

a-^lipl{i+hp), {k is a sixjcific constant.) 

This relation U shown graphically by the full curve in Fig. qo. It 
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indicates (i) that amount adsorbed (proportional to the fraction 
of surface covered) is approximately proportional to the pressure 
at low pressures, and low adsorptions, (2) the surface reaches 
saturation, beyond which increase of pressure can have no further 
rffect upon the amount a(lsorl>od. There is now no doubt that in 
the general case the amount a(ls()rl)ccl follows the broken line, and 
the general adsorption isotherm is S-shaped However, propor¬ 
tionality betM'een a and p at sufliricntly low pressures is fully 
proved, and as in surface catalysis we ])rohably arc concerned only 
with changes proceeding in the adsorix'd layer in immediate contact 
with the adsorbent the notion that this layer will attain saturatk'n 
at sfitne stage is significant. 

Adsorption Indicators.—Of recent years the the(#ry of adsorption 
has been made the basis of a new iy|>e of indicator, lor which we 
arc chicnv indebted to Faj-ins. \Vc may take as an example the 
litralKm of silver salts with halides. A jm^cipitale of silver bromide 
Will ads<jrb either silver ions or bromide ions, according to which 
IS ij» excess, and it will als-> adsorb the dye ef»sin, which is t here fore 
used as an indicator in the titration of biornides wjfii siivoi iiitiaie, 
Tho <lye is adsorbed on the surfact* in ad<lition to the ions, but jf 
the silver ions are in excess the dye is adsorliod in the form of its 
silver salt, which is bright red. wliorcas solutions are yollowish- 
rnse, In the titration the eosin is added to the bromide solution, 
which ap(>eiirs yellow, and the silver solution is nchled from a 
burette. Just lie fore the c<|Uivalencc-{>oint the colloidal silver 
hroinidc c<‘agulates, as we should expect it to, and at the end-poiiit 
the precipitate suddenly liccomes bright brick-red as the first small 
excess of silver ions displaces tlic bromide ions from tlic surface, 
(.'hlorides can be titrated in a similar way with fluorescein, and 
methods have been worked out for other precipitation reactions. 
Tliese methods are usually highly accurate even at great dilutions 
and have become very important. 

Heterogeneous Cat^sis.—The cliomical efiects occurring at the 
interface between solids and g;ises or liquids give rise to the whole 
scries of phenomena classified und<T the name of heterogeneous 
catalysis, a fact which sharply distinguishes it from homogeneous 
catalysis, and justifies its treatment under a scjiarale heading. 
Originally put forward by Faraday, the theory of localized inter- 
facial action is no longer seriously in doubt, though the exact 
mechanism by which chemical change is brought about at tlic 
surface of the catalyst is incompletely understood. 

As an example of a highly active colloid catalyst we may lake 
Brodig's platinum solutions prepared by the arc method. The 
catalytic activity of a milligram of platinum in the colloidal con¬ 
dition is enormously greater than the activity of the same mass 
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of metal in a solid lump. Such a solution will rapidly decompose 
hydrogen peroxide into water and oxygen, and will cause hydnigen 
and oxygen to combine. The increased activity is due to the much 
larger surface of the catalyst, and it is found that the catal^'tic 
activity of platinum in the solid stale is much increased by coating 
It with ]>lalinun) black, a finely-divided form of the metal which 
gives the catalyst a rougher and consequently a larger surface. 
Bredig also lound that his coUoklal solutions were very sensitive 
to traces of certain impurities, such as hydrogen cyanide or arsenic 
salts, which reduced or even destrr*yed their catalytic power, a 
phenomenon which he called ' poisoning *—by analogy will) the 
somewliat similar efiect of such substances on living organisms. 
There can lx* little doubt that these catalytic poisons owe their 
pro|>erties to the fact that they are more readily adsort>ed on 
platinum than are the reactants of the catalysed reaction, which arc 
cons<X|uently unable to reach the surface when the poumins arc 
j)resei)t. From ajiproximatc calculations of the minimum effective 
thickness of the i>oist)n layer it appears that a layer one molecule 
thick is sufficient if it alvei’^ the whole surface of the catalyst; a 
result which in view of Adam's experiments on fatty acid lilms on 
water {p. io(j) will cause no great snrpri*5C. 

The study of gas reactions in recent yoars has shown lhal 
surprisingly largo proportion of them are chiefly, it not wholly, 
heterogeneous, and take place on the walls of the vessel if no more 
effective catalyst is provided. The best way of testing the alleged 
homogeneity of a gas reaction is to fill the reaction vessel with 
sharp-edged fragments of the material from which the vessel is 
made, or to alter its size, and to see whether the reaction velocity 
is thereby affected when allowance has been made for any change 
in volume. The investigation of rcacliuiLs m soluticm is more 
diiticult, since the removal of dust particles from liquids requires 
a liighly si>ecialized technique, but interesting results have been 
obtained. Thus Rice has showm that the notoriously unstable 
substance hydrogen peroxide can be kept nearly unchanged for 
indefinite periods in concentrated solution if all floating impurities 
arc absent, and that under these conditions its stability is little 
affected even by heating. Commercial hydrogen peroxide always 
c m tarns prescr\'atives or anticatalysts which retard its s)>ot it ancons 
(lecompostlion; among the substances used for this purpose we may 
mention sulphuric acid, alcohol, ether, glvcs*:rol, acetanilide, and 
barbituric acid. The mode of action of such diverse compounds 
has always been a jMizzle, and RiceS explanalion that they merely 
poison the dust particles which act as heterogeneous catalysts by 
adsorption on their surface is almost certainly the correct one. 

The Characteristics of Surface Catalysis.^ In spite of intensive 
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laboratory studies and the enormous multiplication of examples 
of this type of catalysis in industry, no generally acceptable theory 
of the process has been established; indeed, the opinion is growing 
that for such a wide range of diverse phenomena no single theory 
can be adequate. In practice therefore the selection of a catalyst 
for a given chemical change is largely a matter of trial and error. 
We must be content to present a summary of the outstanding 
features of this form of catalysis, foUowcel by comment. 

(1) The chen>ical action is Realized in the inicrfacial region 
where the reactants, and often the resultants also, are held 
for a period in direct contact w*ilh the catalyst surface. 

(2) Jf the reactants are present in this region in greater density 
l])an in the bulk gas or solution, this increase of conceulration 
is not the cause ol the catalysis. 

(3) The kinetic order in respect to the e.xiomal pressure or i on- 
eentration in bulk is often zero, or a low fraction. 

(.)) The allcrnale formation and d<•composition ()f intermediate 
comixmrids of normal lyi>e cannot give a general explanation 
of catalytic reactions (cf. homogcneotis catalysis, p. 214}. 

(5) 11 1C energy of activation for a catalysed reaction is less Ilian 
for the lioniugeneous (uncatalysed) reaction. (For the ex¬ 
planation of actividioii see p. 

(6) Reactants m contact with the catalysed surface adopt an 
ordered arrangement. 

{7) The activity of catalysts is highly specific, and the activity 
of mixtures is not usually predictable from the activities of 
the constituents. 

It is now generally conceded that heterogeneous catalysis depends 
upon surface phenomena, and not appreciably 011 bulk dissolution 
of reactants by the contact substance. Nevertheless those effects 
on the physical form of the catalyst that might be exi>ected from 
a vigorous bulk interchange witli a gas phase are often actually 
observed. Ammonia is oxidized to nitric oxide, and sulphur dioxide 
to sulphur trioxide, by the joint agency of atmospheric oxygen and 
platinum. Each of these oxidations is the basis of very large-scale 
industrial operations for the manufacture of nitric and sulphuric 
acids. In both proce«;ses the inifiallv 5miooth, bright platinum 
surface is intensely roughened during the catalysis. In the nitric 
acid industry this effect has to be carefully controlled, for the rough 
metal tends to oxidize the ammonia to nitrogen rather than to 
nitric oxide. If finely-divided platinum is deliberately used as 
catalyst hardly any nitric oxide is produced. On the adsorption 
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theory alone it is not easy to explain this important change of 
chemical reaction. Tlie kinetics of many surface reactions, and 
particularly the ' poisoning * effects of some of the products, can be 
rationally and simply explained by assuming that the reaction 
proceeds in an adsorbed film only one molecule thick, but this 
satisfactory result cannot be taken as proof of the unimolecular 
nature of the film. That adsorption films formed by a variety of 
substances on many surfaces at ordinary temi>eTatures have more 
than this minimum thickness has been abundantly proved by joint 
measurements of surface area and amount of adsorption. Witli our 
present knowledge of molecular diameters it is easy to ascertain the 
order of magnitude of the molecular concentration on a fully 
covered surface, and to show that such an increase of concentration 
could in no way explain the often enormous increase of reaction 
velocity effected by a catalyst. The Uw of mass-action (p. 113) 
proves that a zero order of reaction must be fictitious; such an 
experimentally determined order can only mean that in the mechan¬ 
ism of the reaction the concentration of the reactant associated 
with the zero order is held automatically constant. Such con¬ 
stancy would be achieved if the adsorption film were ‘ saturated,’ 
and therefore its concentration inde|)endeDt of the external pressure. 
A low fractional kinetic order would indicate that the film is main¬ 
tained near to the saturation point. It is difficult to sec how these 
characteristic orders 0/ reaction could lx‘ explained otherwise, so 
their common occurrence in heterogeneous catalysis strongly 
supports the ads<irption hypothesis. The union of hydrogen and 
oxygen is strongly catalysed by many metals, and the action may 
be vigorous at tcniiwraturcs far below the reduction point of any 
normal oxide of the metal. In such cases an alternate oxidation 
of metal and reduction of (normal) oxide is excluded. ' Surface' 
hydrides and oxides formed by chemisorption (p. 288) are, 
however, commonly assumed to play the principal part in such 
changes. The basic feature of all examples of catalysis is the en¬ 
hancement of the reaction velocity at a given temperature. Many 
studies of the change of the velocity of catalysed reactions with 
temperature prove that the main cause of the increase of velocity 
is a diminished energy of activation. Some otherwise puzzling 
features of this type of catalysis can be explained when it is assumed 
that in the adsorbed film the reacting molecules are attached to 
definite sites in an orderly manner related to their chemical structure, 
llius it has been shown that in the dehydrogenation of the lower 
alcohols (to produce aldehydes and hydrogen) in contact with 
copper at 200® to 300®, the alcohols undergo the change at nearly 
equal rates at tlie same temperature. This result point<i to the 
conclusion that these alcohols are attached to the metal solely by 
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means of the group —CH^OH, which is also the part of the molecule 
actually changing. 

CHaCHjOH^CH3CHO+ H,. 

The Use 0 ! Isotopic Exchange Reactions in Catalysis.— One of the 

chief obstacles to progress in elucidating surface catalysis has been 
a lack of sufficiently simple catalysed reactions. The discovery of 
' heavy ' hydrogen or deuterium has made possible the study of 
‘ exchange ' reactions, such as 

H, + D,r.2Hl), 

Hp+I)jO=3lIDO. 

wherein the reactions are merely interplays between atoms nearly 
identical. When a mixture of hydrogen and deuterium is exposed 
to chromic cxide or finely •divided nickel at temperatures as low as 
— 190^ C. the exchange proceeds at a measurable rate, and is very 
rapid on genliy-heated nickel. Tlie homogeneous readiem requires 
temperatures at least as high as 600® C. A detailed and quantita¬ 
tive study of the catalysed rcnclion, especially the delermiiialion of 
the activation energy, has demonstrated that the reaction on the 
surface cannot be tliat sliown in the above e<|uation. but needs the 
intervention of atomic hydrt^gen and <leuterium even at the very 
low temperature. The concln.sion is that the rlLssociation accom¬ 
panies adsorj>lion. The well-known pre-eminence of nickel as a 
hydrogel Kiting catalyst is thus very probably due to its disbociating 
power for hydrogen. Much more investigation will l>e needed before 
a well-established theory of even this one type of surface catalysis 
can be expected. 

The Kinetic Order ol Suriace Reaction8.-It will be recalled that 
the law of mass action (p. 113} requires reaction rate to l)e expressed 
in the form 

Rate-k(C)» 

where C is the concentration of the reactant ai Ihe ^cai of reaction. 
For a reaction proceeding solely at an interface, C is obviously 
synonymous with concentration in the adsorbed layer. Hence wc 
can only learn the true order of a catalysed reaction from observa¬ 
tions on the change of external pressure if we already know the 
form of the adsorption isothenn, or we are confident that the 
observations have been made at such low pres.surc.s that adsorbed 
amount and pressure arc prop'.jrtionaJ. As a probable example of 
the latter condition we may cite the decomposition of phosphine 
into its elements. This gaseous reaction is now known to proceed 
almost exclusively on the walls of the glass or silica vessels con¬ 
taining the reacting gas (p. 200), and a general study of the 
adsorbing powers of thc.«e solids proves that they are feeble, and 
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high pressures are required to produce a dense adsorbed layer 
Hence the kinetic first order found from o!>servations on the pressure 
almost cerlaiidv nrflects the true order on the surface. The de- 
comjyjsition of nitrous oxide at moderate temperatures upon a gold 
surface is probably another example of the same sort. This latter 
case is of interest l)ccause decomposition of this oxide into its 
elemi'iits can also proceed homogeneously, but at higher tempera¬ 
tures, It is found to show the second kinetic order in these circum- 
staucos. On the surface we have n*aclMjns {i), and homogeneotisly 
reaction (J): 

N,0=N,+0;0.f0-0, (i) 

2N,0- 2N,fOj (2) 

Saw it can be shown that (i) proceeding homogeneously would 
involve an incroast? of free energy, and in this case is therefore 
‘ forbidden.' The strong attachment of the oxygen atoms to the 
surface (whereon thev subsequently unite in pairs and leave the 
surface) is a process as.sociatt*<l with siiHicieut <!ccrease of free 
energy to ensure tlial the reactions (x) can pnKceri spontaneously 
on the surface. It is comm<m for a ciitalj'scd reaction to show au 
apparent zero order, or low fractional order of reaction. Two 
alternative conclusions are then )>ossibIe: {a\ (he adsor])tion is feeble, 
and the true order is that found by pressure studies, {&) the ad- 
stjrption is strong, and has reached saturation of the contact layer, 
wherein the concentration of the reactant is then held constant. 
As an example ol this Iwhaviour we may take the dccomposilitm of 
ammonia into its elements on metallic surfaces, such as lungs ion. 
'riial of the alH)vc alternative explanations we should choose (/;) is 
indicated in (his case by the fact that at verj' low pressures the 
apparent order rises sharply, and doubtless would ultimately reach 
the true order, if experiments did not lx*Cfjme too ilitficult owing 
to the very low pressures required. Thus in general when the 
apparent order is fractional or zero we can hope to learn little about 
the reaction process on the surface unless ex peril non Is arc extended 
to very low pressures. 

Poisoning by the Products.—Most interesting results arc obtained 
when the reactants or products compete for the surhice of the 
catal5^t. Hikshelvvood and Prichard studied the velocity of 
the reaction C02+H.-*'C0-f-H20 (made irreversible by removing 
the water as it was formed) ou a platinum catalyst; the diagram 
(Fig. 91) shows the type of curve obtained when the initial rate of 
reaction is plotted agjiinsf the initial pressure of carbon dioxide at 
a fixed temperature, the initial hydrogen pressure being kept con¬ 
stant. It will be observed that the initial rale shows quite a sharp 
maximum, the explanation being that beyond this point the carbon 
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dioxide takes up so much of the available surlace of the catalyst 
that the hydrogen cannot find room on it. ITie reaction velocity 
is therefore re<hjre<L for we must 
presume that l\v<i niolocules \vill 
only react when they hnd Ihoiu- 
stdves in adjacent {)r>sitions on the 
catalyst, 

Heterofteneous Catalysis in In¬ 
dustry.— Some of the very numer¬ 
ous industrial applications of hetero¬ 
geneous catalysis will be discussed 
in the section on the inorpamc com¬ 
pounds ; such arc the syntlMNis 
of ammonia, Iho oxidation of am¬ 
monia, and the* contact pn>cess fin 
sulphuric acid. Among the organic 
applications the ino^l im|>orlai)t 
is pcrluaps the u.s<* ol hnely-dividc^cl 
nickel ns a catalyst for hyclfogoii- 
at ion, investigated b\ Sah.siikr; 
this process is used on a ver>' large 
.Si:nlc in the soap and morgaiine 
industry for converting liquid 

oils into solid fats by conibinalion with hydrogen under pressure 
in the presence of nickel, llie pnncii>al disadvantages of catalytic 
methods in industry’ arc the high cost of the catalyst, if one of the 
platinum group of metals must be used, and the necessity of purify¬ 
ing the reactants to aviiid 'poisoning' of the calaiyst: but the 
advantages of these methods are usually found to oulvsxigh their 
defects. 
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In the eighteen-sevenlies chemical theory was at once simpler 
and more firmly held Dian at any time before or since. Not only 
was it almost uiiivers;dly siipix)s^ that the existence of atoms was 
established l>eyond doubt, but they were held to be indestructible 
and of the same weiglit as other atoms of the same element—a point 
on which no direct evidence was available. In the following decade 
the closer investigation of the conduction of electricity through 
gases under low pressure indicated new and startling problems, 
whose solution m|uired many years of experiment and speculation 
and is not yet in its final form. Progress in the early stages was due 
solely to the physicists, but later on the close connection of the 
subject with chemistry became evident, and modern progress has 
come from both directions. The work to be <liscussed in this 
chapter is very e.xtensive and wc shall not be able to preserve the 
chronological order. Wc may begin with the discovery of the 
electron. 

Cathode Rays,—Every one is familiar with the brilliantly coloured 
light produced by the pass^e of electricity through a discharge 
tube containing a gas under low pressure; it is now many years 
since these tubes W'cre first used by advertisers, who seem to prefer 
the red neon light above all othere. At an early stage of the in¬ 
vestigation of this discharge two types of ray w'ere discovered 
in the tul>es themselves: the cathode rays and the positive rays. 
The former started at the cathode and were projected in a direction 
jxjrpendicular to the cathode surface: they travelled in straight 
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lines, cast definite shadows with no s4?n of diffraction, would pass 
through windows of thin metal foil, and if concentrated on an object 
by using a concave cathode would rapidly make it while-hot. They 
would blacken a photographic jdate, caused certain substances to 
fluoresce, and endowed gases tlirough which they passed with some 
power of conducting electricity. 

It was therefore deduccti that cathode rays were material in 
nature, and consisted of streams of ncgativcly-charged particles. 
The rays could be de¬ 
flected by magnetic or 
electrostatic fields, and Catho^ 
by measuring the devia¬ 
tions produced it was 
found possible to calcu¬ 
late their charge and 
their mass. Both of 
those were found to be 
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the same for every particle, whatever the nature of the cathode 
at which it originated or the rarefied gas through which it tnivelleii 
llie charge is usually denoted by e, and is equal to the charge re¬ 
quired to deposit one atom of a univalent metal from solution. The 
mass was found to be about 1/1850 of the mass of a hydrogen atom. 

These particles were called eUcirons, and in these and subsequent 
experiments it was shown that electrons could be obtained from the 
atoms of all elements. The investigation of the positive rays 
proved more difficult, as homogeneous beams could not be obtained. 
The simplest apparatus in which the rays can be observed contains 
a perforated cathode through which they stream from the direction 
of the anode: but for quantitative experiments the perforations are 
reduced to a single narrow passage in a copper tube. The apparatus 
devised by Sir J. J. Thomson, to whose brilliant researches we owe 
the first clear understanding o( the positive rays, was the original 
form of the apparatus later improved by Aston, and now known as 
the mass-spectrograph ; it will be described later in this chapter when 
we come to deal with isotopes. By subjecting a narrow beam of 
positive rays to transverse electrostatic and magnetic fields. Sir. J. J. 
Thomson caused them to deviate from their original direction and 
then received them on a photograpliic plate. If, like the cathode 
rays, the positive rays consist of charged particles, the mass and the 
charge {or rather the ratio of one to the other) can be calculated 
from the observed deviation of a particle of known velocity. Since 
the velocity is, in fact, by no means uniform, particles with equal 
values of the mass to charge ratio will not be concentrated on a 
single spot on the photographic plate, but will be spread over a 
parabola from whose dimensions the ratio can be calculated. 
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PoaitiTe Ray&—In thLs way the positive rays were shown to 
consist of atoms and molecules from which one or more electrons 
had been removed, though on later occasions parabolas were 
obtained to which no satisfactory origin could be attributed. At 
the time of their discovery |x>sitive rays completed the chain ot 
evidence which showed that atoms amid he disintegrated into 
uegativcly-c barged particles (electrons) of minute mass and posi¬ 
tively-charged residues in which almost llic whole mass of the atom 
remained. In more recent years tlicir stutly has takcji ns one stage 
flirtlior still in <mr investigation nl the mlerior of the atom. Su 

J. J. 1 ‘homson's experi- 
iiKtuts provided the first 
[>roof for the a:'Sum[ition 
made since the beginning 
of the atomic theory that 
lh<r atoms (»f some elements 
at least are intiividiially as 
well as stati-st icAlly equal 
in mass. 

At an early datt* atlenti<m was given lo the range of cathode 
lays, that is. to the distance through which they could travel 
through air or some other gas Indore* they were absorbed, and to 
the thickness of metal foil which they eoubl penetrate. This power 
of penetrating thm sheets of metal without j>erforatmg them, which 
had once Iwen used as an aignment against then material nature, 
NS'as readily untlershKHl when measurements had ixen made of 
their mass, so small compared with that of the atom, and iheir 
very high velocity, often not much less than that ol light. Fram 
the kujclic theory o) gases and the known value^i of the diameters 
of gaseous molecules it was jKissibIc lo calculate how many molecules 
an electron would on the average encounter in Us pajc^iigr through 
a gas, and the results showed that by far the larger part of an 
atom must be transjxirent lo electroas. It was even possible to 
estimate the diameter of that ])art of the atom through which the 
electron could not pass; this was found to be a minute Iraction of 
the atomic diameter. We thus arrive at a picture of a small but 
impenetrable nucleus surrounded by a relatively large and nearlv 
empty area, a conclusion entirriv confirmed bv the investigations 
of Lord Rutherford of the collisions between neutral .1 ton is and 
positive part id es- 

Scattering of a-Particles.— The disco\'ery of radioactivity in the 
closing years of the nineteenth century had provided a source of 
positive particles more convenient than the discharge tube. It 
had been shown that certain radioactive substances emitted streams 
of positive particles, called a-particles. which consisted of atoms of 
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helium from each of which two electrons had been removed, and 
which therefore carried a double positive charge. These particles, 
like cathode rays, can penetrate very thin metal foil, and in so 
doing they suffer a succession of small deviations, so that a narrow 
beam, after passing througli foil. w\\ be lo some slight extent 
spread out. The scattering can be predicted from the laws of 
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probability, and the obscrvctl values can be accounted for in this 
way, blit certain jiarliclcs are drilected through more than a nghl 
angle, and will strike a scnfii placed on the fiear side of the foil, 
'riio probability that the sum ot a .succession of small deviations 
should reach so large a value is, under ilw* experimental conditions, 
vani.shingly small, and it is concluded that these large and com¬ 
paratively rare <ie- ^ 

viations are due to Nucleus 

encounters Letw<'en a- ^ 

particles and bodies of " 

small size (since these Tra-rk of d 
encounters are in I re- 1 

quent) hut lieavy chaise {since the desintion J 
produced is large). These are identical with Y 
1 lie nucleus whose probable existence Inis Ik'OM / 
revealed by cathcnle rav cxjiernnenlb: by j 
measurements of the dt^viatKins Kntherfonl 
WHS able to show that the p<isilive charge cm 
the mirleus, using the electronic charge as 
unit, was about half the .atomic weight of (lie IJcflk‘-iton or 

rnctal ot which the foil was made. 

a-Particle Tracks.—Both caUicMle raj-s and a-partides have the 
power ot ionizing gases through M'liirh they j)ass, that is, they split 
up the atoms with which they coDide into negative panicles (elec¬ 
trons) and positive pjirticli'S. This jrroperty can lie used to make 
the track of a-particlcs visible by C. T. R. Wiison s method, in 
which, by the sudden expansion of a gas saturated with water- 
vapour, drops of water arc made to condense on any ions which 
may be present. In this way the track of the particle through the 
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gas can be photographed. In the vast majority of photographs 
the track is found fo be nearly straight and with no abrupt changes 
of direction. In a few photograplis, however, the track is seen to 
be forked. The path in three dimensions can be completely deter¬ 
mined by two simultaneous photogniphs at right angles, and the 
angle of the fork measured. It is obvioits that the fork is due to a 
collision between the o-partirle anti some body of comparable mass. 
This must be the nuclcti$, with which wo arc now becoming familiar; 
and calculation from the laws of dynamics and the observed angles 
shows that the mass of this nucleus is practicallv equal to tl^e mass 
of the atom. It therefore appears that the atom consists of a very 
small nuclcu.s, in which nearly all the ntass of the atom is con¬ 
centrated, willi a positive charge alMiut eqtial (in electron cluirge 
units) to half the atomic weight, surrounded by a nearly empty 
space containing electrons, wliich, since the Mom as a wliole is 
ficrtrically neulral. must l>e equal in numix'r lo the positive charge 
on the nucleus. This last conclusion is contirmed by cxpcrinienls 
on the senttering of X-rays: the fKJwer of an atom t(' seaitei X-iays 
is prop(irtional to the numl>*T of electrons which it contains—i.c. 
particles outside the nucleus-and this loo js found to l>e c<iual It) 
abemt half the atomic weight. 

The Nucleus and Astronomy.— The existence of a dense atomic 
nucleus of very small diameter mav be mfened from evidence of 
quite difF<Tent chanirier. Astronomers have proved that in 
certain stars, the ' dwarfs/ lu.iUer reaches enonnous densities — 
about ten t<ms |‘cf cubic inch—f.ar gnoler than anv which can 
be reached on the earth. Tliis can lie explained only by siii)j>nsing 
that in the stars atoms can Ix^ dcprivc<l of most of iljeir volume 
w'ithout mucii los.s of muss: this could bo achieved by the removal 
of the outer electrons, an ojHTation that connot be carried out, so 
far as we know, on the earth. 

X«Bay Spectra.—We must now aUude lo the work of Mosei.ey, 
who was killed in the war of 1914-18. The researches oi I^akkla 
had already shown that the X-rays excited by bombarding an 
element with cathode rays had a pendniting power which was 
characteristic of the clement: the higher the atomic weight of the 
element the greater the penetrating power of the X-rnys emitted 
by it. The experiments of Laue had made it <*lear that X-rays 
were a form of radiation similar to light but of very short wave¬ 
length. Mo.selev nsofi Rragg*s crystal method lo measure the wave¬ 
length of the X-rays emitted by various elements. The X-ray 
spectrum of an clement Ls not continuous, but consists of a number 
of lines, associated in groujis called the K, L, and M series. In 
comparing the X-ray spectra of different elements we may take a 
corresponding line in the same series in each. Moseley found, a.s 



RADIOACTIVITY AND ATOMIC STRUCTURE 301 

Harkla had, that the wave-length decreased with the atomic 
weight (the shorter the wave-lcnglh the greater the )>eiicI rating 
power), but he was also able to de<luce a quantitative relations!up. 
This involved not the atomic weight but the atomic numl>er, which 
represents, with certain exceptions which will Ik* noted shortly, 
the ordinal number of an clement in a serii*s oi incre^ising atomic 
weights, starting at II -i. l*hns llic atomic numl^crs of the first 
nine elements arc H i; He 2; Li 3; He -j; H 5; C 0 ; N 7; O 8; F 9. 
Moseley found that the rccipr<»cHl of the stjiiare rtjot of the X-ray 
wavedength ^ w’as a linear funchon of the alointc number X : that 

IS, A and Z were conmnrted by a 1 rial ion of the form 

is plotted 

against X a straight line is obtaiMc<l. 

Atomic Number and Nuclear Charge.— In this way a natural 
ordci of the elements is arrivKi nt bns(‘<l on a pr<j|H'tty whieli tlicre 
is every reason to siipp«>s(; is a fundamental one. It agrees with 
the order of the atomic weights cmlv if the order of the elements 
in the following pairs is interchangi'd: polassiuin and argon, nickel 
and cobalt, iodine and tellurium—changes whose significance will 
shortly Ik apjiarciit. It show's that there is some atomic property 
connected with the eimsMon of X-rays wdiich vanes in a nnifonn 
manner from one atom to the next on the list. It will Ik observed 
that the atomic number, for all elements cxcejit hydrogen, is ab(»ut 
ecpial to half the alomir weight, ami Moseley himself immediately 
grasped I lie iin plica! ion. ‘ ITicrc Ls,’ ho Hjiid, ' in the atom a 
funchimental quantity, which increases by regular steps as we pass 
from one element to the nexl. This quantity can only be the charge 
on the central positive nucleus.* \Vc shall icturn to this point. 

Classification ol the Elements. —The arrangement of the elements 
m the order of their atomic niiniljcrs, which is based on a denio?i- 
st]*ably regular property, may also lx* legartlcd as the idimax of a 
number of attempts to bring out the jK*rindicity of the properties 
of the elements with their aiomic w'cights. More than a century 
ago Dobekkiner |K)in(cd out that in certain groups of thiee elements 
with bunilar properties, wliich he called triads, the middle atomic 
weight was close to the mean of the lowest and highest. As an 
example tne alkali-metals lithium, sodium, luid jK'lassiuin may be 
quoted: their atomic weights are b*o, 23*0, and 39*1, and 23*c^ is 
the mean of and 39*1 (modern atomic w'eights). The first 
attempt to bring all the dements into classification was not, how¬ 
ever, made till 1863, when Newxands published his law of octaves, 
whicli stated that when the elements were arranged in the order 


where a and h arc constants for nil dements. If \ 


/ 
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of thttir atomic weights those of similar properties were separated 
by SIX places: 

Li Be B C N O F 
Na Mg A 1 Si F S Cl 
K Ca etc. 

Unforlunately Ncwlancls associated his theory with a somewhat 
fanciful allasion to the *»clavc of the musical scale, and it was 
coldly receivorl: indeed ihc ironical suggestion was made that he 
should try the effect arranguig the elements in the alphabetical 
order <»f their initial letters, ^mewhat greater interest was aroused 
by the classification independently put forward by the Russian 
Mendeijcki f in iKfio* Menddeeffs table rontaiuocj several blank 
spares which he assigned to elements at that lime undiscovered, 
and hr t>oldl\‘ predicted the proj>erties of tlirc'c* of these elements 
on the basis ol the proj)erties of their neighbours in liis classi heal ion. 
Within a few years the three elements were discovered, and a study 
of their pro{)ortics showed that Mendelecif’s predictions wore ahiind- 
antly verified. Germanium, discovcreii iii was described by 

Mondeleclf in 1871, fiftecm vears belore its diMXivery, as an element 
with an atomic weight of alxml 72 and a density of ai)0Ut 5*5. 
Its oxide, of formula MOj, was to be a rofraetory white solid wiili a 
density of 47, and it was to l)c feebly ba.sic; its fluoride MF4 was 
to be a liquid with a Iwiling*point below that of water and a density 
of i*q. All these predictions wcic true, and ottiers were made 
which were cither I rue or nearly true ol the then undiscovered 
elements scandium and gallium. 

Anomalies in the Periodic Classification. —From that tinx* on the 
periodic table has iKcn generally accepted, though, until Moseley's 
work and after, its signifiaince was quite obscure. There were 
three anomalies in the table: 

(i) If I lie order of the atomic weights is taken, three pairs of 
elements fall tmi of »>rder, and have to be interchanged, but if 
Moseley’s atomic numbers are taken, this anomaly disappears. 

(ii) No satisfactory place can be found for Ii3^drogen. 

(iii) The rare earth elements do not fit into the table, and have 
to be accominodate<l in a separate division of it. All these 
anomalies are in .satistactory agreement w'lth modem theories 
of atomic structure. 

The Periodic Table.—Several methods ol arranging the periodic 
table have been suggested: we reproduce one of the t«st. The figures 
are the atomic numbers, and the anomalous order of the* atomic 
weights of the pairs K and .A; Ni and Co; I and Te, should be 
verified from the table of atomic weights. The horizontal rows 




The PEPiODir Tabie (after Werxfr, 1905) 

The Rare Earth Elements Atomic numbers 59 to 71 indijsive, 
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are called pcrind?;, the first two the short periods^ the others the 
lonp; periods. The whole table is also divided vertically into groups 
numbered fnmi O to VII, the first member of each group being an 
element of the first short periiid, as follows: 

Group O I 11 HI IV V VI Vll 

Elemeui He Li Re h C N O 1 ' 

Thv elements connected with these either vertically or obliquely 
belong to the same group, so that Group I includes Li, Na, K, Ub, 
Cs, Cu, Ag, und Au. Thtr first tW4> elements in (Groups I to VH 
are called the typical elements of their group, and after these the 
left-hand branch is called Subgroup A, the rightduuid branch 
Subgrouj) B, The elements enclosed by a dotted line were called tlie 
transition elements, and arc sometimes classiliecl as Group VJII. 
The section labelled ‘ rare earths * includes the tlurtccn elements 
with atomic numliers Ixrtwcen 58 (Ce) and 72 (Hf), and is not classi¬ 
fied with any group, though often considered with Group 111 . 
Lanthanum, cerium, hafnium, un<l (less correctly) Ihuriuin arc some¬ 
times classified with the rare earths. In this book cerium, hafnium, 
and thorium will be included in Group IV, the remainder in 
Group III. 

The object of the ixTiodic table is to bring out the similarity 
in chemical and phvsical pra]»crtics betwe<.*n elements of the same 
group, and the gradual change in prornTtics in passing up or down 
one group or in passing from one group to the next. Nearly all 
properties of the elements and tlicir compounds are in some degree 
periodic, though there are imixuiant exceptions, such as tlic specific 
heat (|). 0 (j) and the X-ray S|>ectrum. It is not proposed to give 
an extensive discussion of these points here. The periodicity of 
properties is made the biisis of the succee<ling chapters, and the 
full meaning of the periodic tabic will be understood only when 
we have fltniJt with the phenomena of radioactivity and the 
theory of atomic slnicture. It should, however, be noted that 
the maximum valency of an clement usually corresponds with the 
number of its group, so that in the long i>eriods the valency series 
from I to VII is gone through twice: the valency of tlie metals in 
Group VIII is variable. 

Radioactivity. — Becquerel, in the course of a study of fluores¬ 
cence, observed in that certain comptnmds 0/ uranium emitted 
radiations which would blacken a photographic plate wrapped in 
opaque paper and ionize il\c air in their neighbourhood. In the 
previous year Rontgen had announced the discovery of X-rays, 
which were to play so important a part in atomic physics, and 
radiations of all known types were l^ing eagerly investigated in 
the laboratories of the world. The intensity of the radiating power 
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of uranium compounds was measured by the rate of discharge of 
an electroscope in the ionized air surrounding them, and Mmh 
C uiUE showed this power to be a property of the uranium atom, 
or of some atom closely associated with it, since it aj)f)eared to be 
unaffected in magnitude by the state of chemical combination of 
the element, and depended only on the jxjrcentage of uranium 
which the compound contained. With some uranium minerals 
anomalous results were, however, obtained, and their radiating power 
was found to be greater than that calculated from their uranium 
content. A search was therefore begun for an unknown element 
present in uranium mincrnls, but absent fn»m pure uranium com^ 
pounds, to which the extra activity could be attributed. The 
impurities in the minerals under investigation included compounds 
of barium, and when the barium was precipitated as sulphate the 
whole of the additional activity was found to be concentrated in 
the precipitate. The separation of the new element from barium 
proved to be difficult, and methods of fractional crystallization of 
the salts, such as arc used in the separation of the rare earths, 
had to be resorted to. In this way it was pc^ible to obtain the 
pure bromide of the new element: it was called radium. 

Isolation ol Radium. —I'he original process for the isolation of 
radium compounds is followed with some modifications at the 
present day. Tlie uranium ore, fiom which insoluble impurities 
have been removed, is dissolved in dilute hydrochloric acid, and 
the barium and radium arc precipitated together as sulphates. 
By prolonged boiling with constantly-renewed sodium carbonate 
solution these are converted to carbonates, which are then redis« 
solved in hydrochloric acid. Tlie sulphate precipitation is then 
rejxjated once or twice until all the lead and calcium have been 
removed. Radium chloride is less soluble than barium chloride, 
which itself is not very soluble, and by fractional crystallization of 
the chlorides the radium compound can be obtained pure; some¬ 
times the bromides are used instead. Radium usually comes into 
commerce as bromide, which is always carefuUy dried and enclosed 
in sealed glass tubes. 

Properties ol Radium*—WTiciher in the metallic state or in 
combination, radium was found to possess properties which dis¬ 
tinguished it from all known elements. Not only were its radiating 
powers enormously more powerful than those of uranium, but it 
gave out what appeared 10 be an inexhaustible supply of heat— 
more than a hundred calories per hour per gram of radium. Still 
more astonishing was the fact that the rate of evolution of heat was 
entirely independent of the temperature—the experiments ranged 
from —250® C. to 1000® C.—a result which precluded the suggestion 
that a chemical change of the ordinary type was taking place. 
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Like uranium, radium was unaffected, as regards its radiating 
powers, by its state of combination, and the observed facts all 
pointed to some internal change in the atom as the source of the 
phenomena 

The Radiation from Radium.—Investigation ot the radiation 
showed that it was not homogeneous, and could be separated by 
the nperntion of a strong transverse magnetic field into three types, 
always denoleti by the letters a, p, and y. The a-rays were positive 

particles of feeble penetrating power 
travelling with a velocity of ncjt more 
than 20.000 km. per see., which, though 
very high compared with terrestrial 
sjH^ods, is small compared with that of 
cathode rays or ot light. In spite of their 
low velocity they were loss defiedcd by 
a magnetic field than were the much 
laster ^ rays. and this mdiraicd a greater 
momentum and cfmseqiiontly a much 
gieater mass. The range of the a-rays 
in air was less than lo cm. 

The ^(-rays were lonnd lo he similar in every resi>ect to cathode 
rays, and were in fact electron.s moving with high velocity: their 
penetrating power, though greater than tlial of the arrays, was still 
small. The yrays were unaffected by a magnetic field and were 
at the time of their discovery correctly supposed to be radiation of a 
non-material nature similar to X-rays. We now know that both 
y-rays and X rays differ from hght only in their shortKr wave¬ 
length; that of the y-rays is (with the exception of Mitxikan’s 
‘ cosmic rays *) the sJiortest known for any type of radiali<m. Tlieir 
}>enetrating power consequently exceeds that of the most pene¬ 
trating X-rays. 

The Dismt^ration Theory.—Further study of the o-rays revealed 
a fact of altogether fundamental importance to the theory of 
chemistry. They were shown to be identical with the positive 
rays produced in helium discharge lul)es, and to consist of helium 
atoms from which two electrons had been removed. This was 
proved not only by measurements of the ratio of charge to mass, 
but also directly by Rutherford, who enclosed a radioactive sub¬ 
stance in a very thin glass tube surrounded by an outer tube whose 
contents could be spectroscopically examined by passing a spark 
discharge through them. In blank experiments it was showm that 
helium in the uncharged atomic state could not leak from the 
inner tube to the space surrounding it. If the radioactive substance 
was admitted to the inner tube and the outer tube was exhausted, 
after some hours helium could be spectroscopically detected in 
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the latter: a-rays had penetrated the thin glass by virtue of their 
velocity and must therefore consist of charged atoms of helium. 
This was the first authentic proof of the disintegration of one 
clement into another—it came rather less than a century since 
Dai TON, in announcing the atomic theory, had stated that atoms 
were indivisible. 

For the examination ot o-rays from radioactive substances an 
ingenious device called the spinthariscope is availalile. This consists 
merely of a screen coated with zinc sulphide or barium platino- 
cyanide, substances which emit finishes of light when struck by 
a-partichs. Under suitable comlitions these flashes can tie counted 
with a microscope, and in this way the rate of emission of o*particles 
from a known mas.s of the substance can lie calculated. If we 
assume that the rate of formation of helium from radium, like all 
other radioactive changes, follows the uni molecular law, it can be 
shown that radium is a comparatively stable substance: its half* 
life period (i.e. the perio<l after which only half 0/ the original 
quantity remtiins) is about si.xteen centuries. Helium can scarcely 
l>e the sole material product of radium disitUegratioii, and still 
another new element was detecletl in very small quantity in iqoo 
by exposing a radium preparation to low pressure. It Ls a heavy 
gas (its density has been directly measured with a spctcial balance) 
to which the name radium emanation or radon is given. It must be 
understood that the object of llic reduu^l (>ressurc is to remove 
the accuniulalcd gas from the solid; the rale of prcxluction of 
emanation appears to be indeiieiidcnt ol external conditions. 

Radium and the Periodic Table.— The two new elements fit with¬ 
out dlflicuUy into the jwriodic table. Radium has aji atomic weight 
oi 22(> an<l an atomic number ol i( closely resembles barium in 
properties and is obviously the iieaviest member ol Group II. 
The proof that radium is a true element is important, since it might 
otherwise' be supposed that it was a hdide of radon. The distinc¬ 
tion betwiHjn radioactive disintegration and chemical change will 
|j€ clearer when the structure of the atom lias i)een considered. 
In emitting a helium atom with two j)ositivc charges radium has 
reduced the positive charge on its nucleus, and hence its atomic 
numb-^r, by two, so that we .should expect the atomic number of 
radium emanation to b<; St> and its atomic weight to be 226—4 
(the atomic weight of helium)-- 222. The experimental determina¬ 
tion of the a 101 me weight of emanation was very diflicult, on account 
of the minute quantities available, and the early results varied from 
220 to 223, but an examination of its chemical properties .showed ii 
to l>elong to the inert gas group, in which it follows xenon; its 
atomic number is, as anticipated, 86. 

The heat produced by radium is the beat of disintegration and 
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can be calculated per gram-alom wljen once the approximate rale 
of tlis integral ion is known, 'flie calculation shows that the change 
Ra^He f RaEm evolves lo'* calories, a figure so enormously in 
excess of ordinary heats of reaction that it alone would lie sufficient 
to prove that the disintegration of radium wiis not an ordinary 
chemical change. Emanation itself decays much more rapidly 
than radium; it emits a-jwirtides and produces radium A, a solid 
element with an atomic number of 8(i—2-»84, which brings it 
into Group VI, Subgroup B, in the place below tellurium. The 
rate of decay of emanation can Iw accurately measured, since it 
pr<Keods fairly rapidly, by obscndiig the intensity of the radiation 
from a fixed (Quantity, and has been found exact Iv unin^ulccular, 
whid) provid<'S further evidcnr«». if any is nec^ded. that some internal 
cJiange in the atom is taking place. 

The Radioactive Series. -Radium A. though a solid substance, is 
usually obtained in such iniruitc r|u;uitity as to be invisible, but 
can reaiiilv l>e detecteil by the intense radiation it emits; its half- 
life period is only thro<; mhuiles. Its <lisintogration pr<iducls are 
helium and radium B, which, ius would l>e expected, is an element 
of the fourth group. The further disintegration of this substance 
inl<^ radium C is accompanied by the emission not a-rays, but 
only o! (}• and y-rnys. If the ^-ray electrrm has ernne from the 
nucleus, the positive nuclear charge* has l>ocn increased by one 
unit, and the ntonnr iiumlxT ha.s gnne up by one; instead of a 
dispiiicemcnt of two places to the left in the ptTKHlic table, such 
as accompanies an a-ray cmis.sion, we have a displacement ol 
one phace fn the right, and radium C, with an atomic number 
of 83, appears to fall in the place in the fifth group allotted to 
bismutli. 

Tliere are obviou.s (lifTicult ics in the examination of the sburt- 
livecl radioactive disintegration-products, and their existence is 
usually inferred from the shape of the disintegration-curve of the 
parent substance. If the product is comparatively long-lived, this 
will approximate to the true iinimolecular shape; if it devuites, 
the half-life periods of the products can be calculated from the 
devi«ations. In this way a complete disintegration series of radium 
has been established. Radium itself is a disintegration-product, 
through several intermediate substances, of uranium, whose half- 
life period, calculated by the spinthariscope method, is about five 
thousand million }’ears. If radium were not continually being 
produced from uranium, the supplies of radium in the w’orld would 
long since have disintegrated and vanislied: the great scarcity of 
the element is due to the rapidity of its disintegration compared 
with that of the parent elements. It can be shown by calculation 
from the unimolecular disintegration formula that in undisturbed 



RADIOACTIVITY AND ATOMIC STRUCTURE 309 

urainum minerals the ratio of radium to uranium ought to be a 
ronstant equal to the ratio of their halMife periods, and this is 
lound to be correct. The ratio is about three million to one in 
favour of uranium, so the hope of disc<u'cring uranium minor*als 
with large jxrccntages of radium Ls illust^ry. Since the atomic 
w'cights of uranium and radiunj differ bv about twelve units the 
intervening changes must involve the enu^sion of three a-paiiiclcs 
per atom. This would re<lnce the atomic number by 3x2 —b. 
and since the actual change is <iuly <u -S8- 4, two j8-ray emissions 
}.H!r at<mi most also have taken place. The immediate parent of 
radium w:is isolated in Ufoj: it is an element in Group IV. Subgroup 
A, which has l>een given the name ioftium, and disintegrates into 
ridium with the enussiun of an a-particle, the balf-hfe period being 
about a huiulred thousand years. 
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Tbeic IS Al'io a branch (jyiA. sliowu in Cu* table) Iona raUium C: it will be 
iilludcd to latca 314. 513I. 


The l<Ai»rc« Skkii.s 


It will be observed that the emission of an a-particle causes a 
reduction of two in the atomic number and four in the atomic weight, 
while the element moves two groups to the lett in (be periodic 
table. The emission of a /S-rriy. on the oilier hand, leaves the atomic 
weight unaffected but increases the atomic number by one and 
causes the element to move one periodic group to the'right. Th*' 
e.x plan at ion of these chajiges has already tn'cri given, but it should 
be noted that the ^-rays emitted by radium itself do not have 
I heir origin in the nudeas and c(»nsequenlly do not affect the 
atomic number. Such secondaiy radiation is not a very general 
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phenomenon, though other examples are known. The atomic 
weights have been calculated by the considerations just outlined 
from the exjjerimenlal values of uranium, mdium, and radium G, 
which, as will shortly be shown, is a form of load. It will also be 
noticed that y radiation is always associated with the expulsion 
of a / 5 -j>arficle from the nucleus, and apjwais indeed to be caused 
by it. The chemical properties of these eicnients. in so far as 
they ha\'e been examined, arc m agreement with the |)osilions 
assigned to them in the i^riodir table. 

OeiRer^s Law. —It is obvious that a half-h(e jx*nr>d such as lo'® 
seconds cannot be measured by obsttrving changes m radiaUon 
intensity. Our knowledge of sitch short periods is due to a relation 
discovered by GniCKu between (lie velocity ot emission of an 
a-ray aud the lialMile [leriod of the element emitting it, viz, the 
logarithm of ihe range of the a-rav (which deiHuids on the velocity 
of omission) is for all elements in llie same s<*iies a linear function 
of the logarithm of the half-life {htkmI. It is ptuhaps natural that 
rapidly disintegrating elements shuuhl emit (heir a-part a les with 
high vcltKily, and the law has received a theoretical explanation. 

The Thorium Series.—A similar st'rics ot changes is undergone 
by the element Ihorium and its disintegration-jimducN. The 
activity of th<irium itself is comparable with that <»f uranium: the 
facts will be found in the following table: 
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Tiie TiioRiiiu Series 


Tliprc is also a branch between I'b C aiwl Th D through an element 
called Xh C' (iff pp 313)* A tiard soritss ol rd<!n>acl(ve eluxrunts i» 

known, including prolactintiim. atoxuic number 91, and passing tliiuugh 
ccUmum. atomic numlxT 89. and other elements, to actimum D (actinium- 
lead), atomic number 82, atonuc w*cight 206. but they will uot bv discussed 
here. 
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Structure of the Atom.—At this sla^;c it will Ix^ well losuniiiiiuizo 
the conclusions at which wt* have arrived ns to the stnictuie of 
atoms. 


(i) An atom consists ol a denst\ small nucleus, positively 
diaif^'ed, in W'luch almost the whole of the mass (d the atoni 
is concentrated, surmujided by electrons in comparatively 
empty space. 

(ii) Tli<* iK't po.sitive charge on the nu**lciis is equal (in electron 
nnUs) to a qnantitv called the atomic iuiiuImt, the order of 
the atc^mic numU^rs l)ciiii: nearly, but not <]iiile. the same 
as the order of iIk* al(inue uvii^his. Since the atom is 
electri( ally nculral. the atomic immlMT U also equal to Die 
nurnl>cr of electrons outside the nucleus. 

(iii) If it were assumes I that nneici aicroinposi^lcntiruy ot protons 
and electrons, the alounc w^^i^ht should lx* e<|iial to the 
ioiul nundxi of protons in the nucleus. Tlic (act that 
some atomic weit;hi.s ciiloniic, 35*457! di^Mute wnicly 
from w'hole tnitnlxis is a difficulty ;fat wv lia\*i not yet 
faced. 

pv) Niiclii oJ naiur.illy iM*ciirrm^ elenieius ol atomic nnmlier 
hit:her than 83 display tailioactivity, which consists in the 
e.vpulsion of char^^ed |X 4 ilH'les from the nucleus, jcccnn- 
pained by radiation of a noimiufenal kind. 

'V) Elements arranged in the order of their utomic minibcis 
.show a periodicity in their cheiinuil pn»|XTtius In the 
three places where tin* uuler of (he atomic nuinlwrs differs 
from that td the atoiui<* wei^^hts, the foinier the correct 
on lei —judging by properties- and the latter is not. 'I'his 
fact iiKlicates that chcnucai properties detxjnd rather on 
at('mic nunil>cr ilian (»ii iitomic weight. The aromie miniber 
is ilit' nundKT til I'lcclroiiN oulside the luicieus, and since 
these are the only p<irls ol an attini with vvhich other attmis 
are likdy to come m contact there ls uoilnng sui prising in 
tins conclusion. 

(vi) A study of the radioactive elements api*>ears to show that 
at least 111 thl^ jKirt m| ilie table two or inorc cleineuls enu 
share the same atomic niiinlHT or the same atomic weight. 
This conclusion is altogether contran’ to the tenets of 
nineieenth<entury chemistry, but it was verified by Soudy 
ni iqi4. 

Atomic Weight of Lead.-* An examination of the thorium and 
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radium series in the light of the periodic table suggested that the 
final product ot each was lead. The available (juanlities of pure 
laatorial ware far fno small for the direct determination to bo made, 
but lead was found associated with both uranium minerals and 
thorium iniiierHls, a circumstance which itself suggested a radio¬ 
active origin. The atomic weights of both radium and thorium 
were known with a satisfactorv* degree of ;iccuracv, and the atomic 
weight of lead derived from them could rca<lily l>e calculated on 
the dusinlegralion hyi'withcsis. Bid ween nuliuin and radium G 
(the hypothetical radium-lead) five a-particlcs arc ejected jx'r 
atom, so the au^rnic weight of llie latter should be 32 C)- 5x4=200, 
Hclwcen thorium and thorium D (‘thorium-lead ’) six a-partidos 
are ejected \kt atom, si> the atumu* weight of lead derived from 
thorium should \h* 232*1--bx^ •208*1, a difference of mi>re 
than Iw'o units wliich sliould lx* von liable by cxjxTiment. The 
determination was undertaken by Sonov in England, Honh:- 
scHMio in Vienna, and l^iaiAiots in America, and all th<* results 
were in agreement with theory'. 1'he highest atomic weight so 
far recorded for lead is 207*9, measured by IJOnigschmid, using 
lead from a Norwegian lliorhim mineral; the lowest is 206*0, also 
measured by Honigsehmid on lead from pitchblende, a uranium 
minerah 

Isotopes.-* The facts showed that lead could ovist in two forms 
of different atomic weight hut identical chemical properties and 
atomic mnulx^r, and contcmponiry theorv suggested that I In* at on is 
differed in the total number of pc»silive charges and the total 
number of electrons in the nucleus, the net jx>sitive charge on the 
nucleus being the same for each. The atomic weight of ordinary 
lead is 207*22, but the closest investigation failed to detect any 
difference in the chemical behaviour of the three forms. Attention 
was also given to those elements of the radioactive series which 
had the same atomic numl>cr and could be obtained in quantity 
sufficient for investigation. Such piiirs of elements were radium 
and mesotliorium i, hoih with atomic number 88, and thorium and 
ionium, with atomic number 90. They were shown to have identical 
chemical propcrlic.s but different atomic w'cights, and for such 
substances Soddy proposed the name isofopes. They differ in 
properties, such as density or radioactivity, which depend on the 
dimensions of the nucleris, but an* identical in all proix-rtics dejHuid- 
ing on the extraiiuclear electrons, including chemical proper! ies, 
atomic volume, clectuxie potential, and X-ray sjicctrum. The 
possible number of isotopes with a given atomic number is by no 
mcan.s limited to two; lead, for example, includes not only radium G, 
with atomic weight 20(1, and thorium D (208). but also radium 1 ) 
(2x0), thorium B (212}, and radium B (214). When discussing the 
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radium series we j>ointcd out that Ibere was a branch at radium C. 
In addition to its transfunnation into radium C' by the loss of 
a ^-particle, another change can be undcx^cmc by radium C» in 
which it loses an a-par tide and becomes radium C', an element 
with a half-life jxjricxl of two minutes which disintegrates with 
the loss of a ^-particle into radium 1). It has been shown that out 
i)f 10,000 atoms of KaC cHsinlegraling only 4 atoms lose an 
4j-par tide to give KaC'. By either route r»ne «-particIe and t>nc 
^-ray are involved, and KaJ) (210) is the common product. Alter- 
native transformations arc not alw^ays so <li.sparatc, f(jr 65 jicr 
cent of TI\C gives ThC’ liy fi-ray change, and 35 per rent gives 
Th(7 by loss of an rt-f)article. The stable and inactive thorium-lead 
(ThD, 20K) is finaity pr(Hiucc<l by each route, 7 \\C losing an 
r/-particlo, and HiC" sullVring a ^-ray change. It is now thought 
that alternative U'haviour of the kind shown by Ka(' and Th(' is 
not conditioned by any ^ln^ctulal diflcrencc or ‘isomciisin* in the 
nuclei, but by a <Iiffeience id energy states. 

The Hass^spectrogiaph.- Since lead, wludi has no radioactive 
proi>eitics, exLsts in is<4opic inodilicafions, it i< rea.souable to 
suppose lliat the occurrence of isrfJtojX's is not coniujcd to the 
ladioaclivc dements and will Ik* liitind in other parts of the i)CTiodic 
table. The chemical propcidcs ol isol<»j)os arc idcnlicai, so that 
ihcmical methods of separation are us<*k*>s, and since a century of 
atomic weight detenninalions had brought to hghl no element, 
with the single exception of lead and flie radioactive substances, 
whose atomic eight was not invaiiable, this inelhod of attack 
seemed etpiallv unpromising. Siicce-sfnl scpfiraliotis of isotopes 
will be discussed shortly. I heir deftefiun can bo accomphshed by 
a nKKlification of Sir J. J. lliomson's original a-ray methexi (p. 297). 
In describing thnl method we mentioned that a few of the results 
liad received no satisfactory explanation; among them was the 


trace of a particle in neon tubes wath a ratio of mass to charge of 22. 
The suggestion that this was uuc to carbon dioxide molecules 

(from stot)-cock grease) wit h a double charge f - 22^ was disprovctl 

by cooling the gas witli liquid air, which removed the carbon dioxide 
particle with a single charge (44) but left the line at 22 unaffected, 
it ^vas therefore suggested that this tmc:e was due to an isotope of 
noon with an atomic weight 22: on this hypothesis ordinary' neon, 


whose atomic weight is 20*183, is a mixture of isotopes of atomic 
weights 20 and 22, with jwrhaps others as well. Similar con.sidera- 
tions could be applied to other elements, but for this purpose an 
apparatus was required in which the ratio of mass to charge could 
be determined with great accuracy. This was constructed by 
Aston, to whom we owe much of our knowledge of isotopes: it is 
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an improved form of the apparatus used by Sir J. J. Thomson and 
IS called the ma$s-spectro^aph. 

The discharge tube has an alummium cathode (earthed) with a 
central perforation through which stream the positive rays. The 
beam is reduced to a thin ribbon by two very fine slits in alummium 
blocks. In order to minimize collisions between the positive rays 
nndcT investigation and other gas molecules, which confuse the 
results, the pressure m the space between the camera and the 
discharge tulie is kept as low as possible by means of two charcoal 
tubes cooled in lufuid air. one connecte<l to the camera, the other 
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between the shts. The discharge tube itsell. after a little of a 
volatile compound of the element to be examined has been adniiUerl 
to it. ts evacuated with u mercury pump until only a trace ol t)je 
contents lemams Afler pa.ssing the slits the beam is subjected 
to electric and magnetic fields, not tiansvcrse. as in Sir J. J. 
Thomson's apparatus, but in opjxjsiic directions. These tic Ids 
produc** a deviation, which can be* measuretl fmm the phutograj>liic 
plate at the end of the apparatus, and from which the ratio of mass 
to charge can lie calculated, w'ilh the help of the trace of a reference 
element such as oxygen, by a somewhat complicated procedure 
which we will not descnlx^ here; lull details will be found in Aston's 
book on IsolopfSi. Different isotope's of the same element, since 
then positive particles have not the same masses, wUl clearly 
strike the plate in different spots. 

Many metals have no sufficiently volatile coin{x>unds lor use b> 
this method This difficulty can be overcome by fusing a salt 
of the metal on the anode its<‘li, whicli made oi platinum toil 
and IS strongly liealed bv an indejicndcni current The positive 
particles obtained in this way from metallic salts are simply the 
particle< which in solution arc called ions. The necessilv of using 
the hoi anode apparatus can, howcvei, often be avoided with the 
help oi such substances as lx iron trifluoride. arsine, or iron carbonyl. 
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All volatile compounds arc sufficiently decomposed in the discharge 
tube to furnish a supply of positive particles. 

Results have also been obtiimed in America by DEMesTF.n, using 
a inass-siR'Ctrograph of different design in which the intensities 
r)f the spots caused by different iv)tt»p«, and hence the relative 
id)i!ndance of each in the element, can lx? measured electrically. 
In the lollowing table arc given th(‘ latest values of the atomu* 
weights of all the elements, together with the fnass-nuffiUrs of all 
tlie Isrdopes which have l«*en deU'cl^Hl up to the time of wTiting, in 
the order <if their abundance, 'llic mass-number of an isotope is 
Uk' nearest integer to its atoimc weight. Jtare istdoj^es are in 
brackeds, and iM»to]H*s of the radnactive elements are not 
mcliided. 
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Uses of the Mass-spectrc^aph. —The n)as^-s|X‘<'tn*i^ra|>h n<iw 
so acnirate (0110 part 111 ten t}j(ni*^aiKl of nuis5>) that Jt is ttseil in 
analysis, e.g. ol the tra<‘es of impurity pri'scnt in copjMT to Ua 
Used for clrctrif nl work. It also rnaK rlieinjcul melhcKls of atomic 


weight (h'tcniiinatinn, and lias tw<j ndvai\tj\gi*s over them: llic 
atomic weight is determined directly. through tin* equivalent, 
and the results are not aflcried by tranks o( impurity. Hut since 
elements of which isoto|x*s exist are mixtun*s of these isotopes in 
constant pro{)ortions, the nOativc proportions of each isotope 
must Ije known before the chemical atomic weight can be ralcxilated 
from the mass-spectrograph n*suUs. Thus if the 1 lumbers of 
chlorine atoms with atomic weights 34*980 and 36*978 are as a 

X I XV X • ' i. • I 

to b, the atomic W'eiglil is - 


• and the ratio ol a to b 


a 


mn^t be known before this can 1 10 evaluated. It was at one time 
'^up}V)sed that with the single exception of hydnigen all isotojKs 
had integral atomic woiglits <in the oxt'gen scale. This integer w'as 
Ccdlea the mass-fiumljcr. Recent r<*lincments in technique have 
sliown this to l>e untnic, but (he atomic weights arc all very close 
to whole numbers. Tlie weakc-^t link in the calculation of atomic 
weights from the results of the mass-sj>ectiograph ls the measure- 
meiit of the relative intensity of the spots on the photographic 
plate due to each isotojie, hut accurate results have nevertheless 
Ix'cn obtained. The atomic weight of beryllium was formerly 
given as 9*1, but the mass-spectn^raph showed this element to 
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have no jsoIo|k.*s and to be of nia.S!^-naml>er 9. Revision of the 
cli<‘niical mcthixl gave the value tyuz. Similarly ihc formi^r value 
of 120*2 for the atomic weight of anlim<»ny could not Ix' reconciled 
with the existence of two Lsotopes of niass-niimlxis* 121 and 123 
and approximately equal abundanix*.: the new value, as detennijied 
by rlicmical juialysis, is 121*76. Other examples could be 
given. 

It can now he undorstocxl how it is |x»s.sil>lc for diflcrcjiccs to 
occur in the order of the atomic numlx*r.s and atomic weights: how, 
lor instance, argon can have lower atomic iiuinl)er than potassium 
but H higlier sitcunir w<‘ighl. Tint is<»tO{K*s of argon have mass- 
numbers 36. 3H, and 40, hut the last is so enormously more abundant 
that the atomic weight is 39*944. The mass-numbers of the ]>otas- 
sium isotojH's arc 39, 41, uiul 40, but in this clement the lightest 
isotope greatly predominates, and the atomic weight, 3 (vtoo, is 
consitlerably lower than that of argon. 

Atomic Number and Atomic Weight. —The discovery of isotopes 
has redured tlie signiheanre of aloinic weights. The most important 
conslaiUs of any individual atom are Us mass-nnmbr^r and its 
atomic nunilxr, determining n’sjxctively its mass and Us chemical 
pn)jxTtics (and to a great extent ils pliysical proper lies as w^dl). 
The chemical atomic weight is a statisticoJ mean not expressing the 
mass of anv actual atom unless nu isolo|M*b exist, and depends onl\' 
on I lie relative proportions of the isotoiH* inixluro. It is a remark¬ 
able fad that if we exclude lead, which is unique in Ixing partially 
(liTivod fiom radioactive elcmeiils. there is little evidence that 
this proportion is not constant for all elements. Wo must sup¬ 
pose cither that the isolojics of all elements have Ix^en, in the 
course of ages, so thorouglily mixed that it Is now imjxissible to find 
:u\y trace of local e.xccss, or that all elements have been produced 
})y processes which result in a mixture of isoto]K*s in const juit ])n)- 
Xxirtions. Even the elements present in meteorites, which probably 
have their origin outside the earth, have atomic weights indis¬ 
tinguishable from those familiar to us. Among terrestrial elements 
the most refined measniemcnts, l>olh before and after the discovery 
of isotopes, have failed to briug to light the smallest difference in 
the atomic weights of different samples. ITie importance of atomic 
weights in chemical aUculations is therefore quite unaffected by 
recent discoveries. 

Isobars. —To elements with the same mass-numbers but different 
atomic numbers the name isobars is given. An example is afforded 
by the most abundant isotopes of argon and calcium (mass-numbors 
both 40. atomic numl>ers z8 anti 20 respectively). The ejection 
of a /S-ray always results in an isobar, since the mass of the nucleus 
is thereby unaltered. To preserve the electrical neutrality of the 
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atom an electron must be obtained from the surroundings; it does 
not, however, reach the nucleus but remains in the outer parts t>f 
the atom. The ejection of an a-particlc causes a reduction of two 
in the atomic number, and is accomiKinicd bv tlie loss of two 
e lee Irons from the outer parts of the atom. 'Mie expulsion of a 

ray might be likened to the formation of a univalent positive 
ion from a metallic atom, since in both the atom Jos<'s an eleelnjn 
and hence acquires unit positive charge; but the processes are 
essentially unlike, since in the first the electron conies from the 
nucleus, in the sc(.*ond from outside it. rins can Ihj proved by 
exannnati<ni of the pro<lucls ot such changes, for radioactive, 
clenienls are known which can lose electrons either as /f-rays or in 
the fonnalion of positive ions, but the {products are not isotopic. 
Tins IS one ol the reasons for Udieving that the /f-rays do come from 
the nucleus and not from (»utside it. 

The isobaric isolo|v*s have alnnuly nTcived attention (p. 313). 

SeparatioD of Isotopes.—It is certajiilv a romarkalilo fact tlint 
load us the only element 01 which oaturally-occuiTing samples of 
different atomic weight are known, and these abnormal samples ut 
radioactive origin are but a small proportion ot the total supplies 
of the element. To separate ihe isotopes ot other elements we 
have to rely on differences in properties, and apart trom radioactive 
properties (it any) and minute differences of spectrum only density 
differences are available, together with properties such as late ol 
diffusion or evaporation which depend on deusitv. The first 
attempts at separation were directed to gaseous elements whose 
isotopes were known to have tairlv large pcrrenlage differences in 
mass-number and to bo present in reasonable proportions—ue. 
neoti (20 and 22) and chlonne (35 and 37). The rate of diffusion 
is proportional to (he square root ol the molecular weight, and 
consequently in any <11 ic dittusiou operation only a very small 
sepc'vration is achieved, but by tong-repeated fractional diffusicn 
Aston w’as able to separate neon in 19x3 into two tractions ot 
density 20*15 20*2d, in spite of Ihe accidental loss ot the whole 

ot the lighter traction at .in advancerl stage ot the work. This 
was the first artitiaal sc^paration ot an element into its isotopes; 
like many subsequent sc^xirations it was incomplete, but the 
di Helen CO was too large to be accounted lor by experimental error 
In the following years Hakkins in Amcnca partially separated the 
isotopes of chlorine by the tractional diffusion ot hydrogen chloride. 
He passed no (css than i9,ch>o litres of ga.^ through the apparatus 
and so was able to secure highly fractionated samples in sulficicnt 
quantity to measure thar density. The density ot the heavier 
traction was o*i per cent above the normal. 

Another separation method which has been applied with success 
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dcjx'nds on fractional evaporation. The molecules escaping from 
a liquid are condensed on a glass surface cooled with liquid 
air and kt-pt about a centimetre above the liquid. The lighter 
molecules lend to evai)orate and prcpomlerate in the liquid 
condensed. IjnOnstf.d and voN Hevfsy applied this method to 
the slow evaporation of mercury at .^o’^ to Oo® in a liigh vacuum 
and obiained a d<iisily djlferencc of one part in two thousand, 
and also worked on aqueous sf»lulu»ns of livdrogcn cldoride at —50®. 
The atonaic weights of the chlorine contained in the two samples 
differed by 0*02. Harkins and Moihimick also produced a sample 
of mercury wliuse nloimc weight differed by O'lSq unit from that 
of ordinary mercury. 

Radioactive Indicators.- r.\KicTii and von Hrvrsv have worked 
out ingenious metluMls by which the rarliuactivc isolo]>es, which 
can 1)0 d<jtecto<i in the minutest quantities with the electroscope, 
arc used to indicate the presence of (he inactive elements with 
whicl) they went originally mixed. Thus if the soil in which a 
plant is growing is iinprognutetl with a com|)oujKl of lead contaitiing 
a little thorium Ih it is ))o,ssiblc to hillow the lead through the jilant. 
In the same way the existence of a volatile hydride of bismulli has 
been inferred from the aciivity detected in the gas from a Marsh 
apparatus containing compounds of bismuth mixed with a little 
thc^rium C. If lead nitrate containing a little thorium h is dus- 
solvcd in pyridine and mixed with a pyridine solution of inactive 
lead chloride, tlie is()tO|>c distributes it.seU impartially between the 
chloride and nitrate radicals when these arc separated, thereby 
showing that a fice exchange of lead ions must take place between 
them. This has been advanced as a continnation of the ionic 
theory. 

The extreme sensitiveness of the tests for these substances hns 
been used iii the dctermmatioii of the solubility of the insoluble 
salts of lend. The weight obtained by the evaporation of a saturated 
solution is estimated with the electroscope. 

Artificial Disint^mtion of the Elements. —Radioactive disin¬ 
tegrations cannot bir accelerated by any means yet discovered, but 
after the nature of the dismlegral ion pr<»cess had l>ecri grasped a 
search was made f«‘r weapons with which to attack the nuclei of 
non-radio active elements. Tlie a-parlicle was the most promising, 
for though its vohKily is less than that of the ^-particle yet its 
momentum and kinetic energx- arc much greater. Elements wore 
therefore exposed to bombardment by a-pai tides from a radioactive 
source, and the artificial disiiilegratiou of an element was per- 
formcnl in iqio by Rutherford. 

The apparatus was very simple. A little radium C, the source 
of tlie a-pavlidcs, was mounted on the end of a movable rod A, 
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winch also carried, at B, some foil of the metal to be investigated, 
or one of its compounds in powdered form in the case of a non- 
metal. Gases could be examined by removing B and filling the 
chamber with the gas. Tlic /S-rays were deflected by a magnetic 
field, but the positive particles Ira versed a window C where mica 
plates could be inserted of slopping power c<iual to a known dis¬ 
tance in air. The impact of the j^articlcs on a zinc sulphide screen 
at I) was then observc<{ with a microscope. In more elaborate 
forms of the apparatus the positive rays emitted by H in other 
directions could be examined. 





The a-particles emitted by any one radioactive substance have 
a definite range (p. yio ); about 7 cm. for radium C. Consequently, 
if the chamber is cv.icuatctl and the radium C is moved farther 
than 7 cm. from C, no scintillations will be observed on Ujc screen, 
If now hyilrogcn is admitted, scintillations are once more visible 
and the effective range is alxnit 28 cm, 'flic jxjsitive parlidcs 
now passing through the window ;ire not helium nuclei (u-part ides) 
but hydrogen nuclei with which these have collided: since the 
hydrogen nucleus is only about a quarter as heavy as Llie helium 
nucleus, the former actpiircs from the collision a velocity greater 
dian that of the particle which strikes it. If now the liyclrogcii 
is replaced by nitrogen, positive rays are obtained with a still 
greater range—about 40 cm. of air. These arc sujiposcd to consist 
of liydrogcn nuclei whidi have lieen detached from the nitrogen 
nucleus, and this has been coiifiniied by deflection exj^rimenis of 
ihe usual type. The extra range of these particles as compared 
with those from hydrogen itself is due to the energy obtainable 
from the disintegration of the nitrogen nucleus, some of which is 
communicated to the newly-relea^ hydrogen nucleus. With 
other gases, such as oxygen, Rutherford was unable to dcle<*t any 
hj^drogon nuclei. The oxygen nucleus is much heavier than tlie 
helium nucleus, hence the oKoctivc range is not increased by simple 
collisions. Moreover, in disintegration nearly as many positive 
particles are emitted backward.*? as k»rwards, but this dots not 
occur when a nucleus is propclle<] as a whole. 

Isotopes of Ozyges.--In 1922 Bij^CKErr succeeded in plioto- 
graphing the track of a-particlus l)cforc and after collision by an 
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application of C. T. R. Wilson s condensation method. In this way 
it is possif)le to investigate the fate of the a-particle by which dis¬ 
integration is brought about. Fig. 09 is a reproduction of a photo- 
grapli taken by Blackett in nitrogen. The path of the a-particie 
tiiat has sunored collision ends in a double, not a triple fork. One 
branch repre,sents the hydrogen nucleus that has been expelled, the 
other the resi<tuc of the disintegrated atom, in which the ^-particle 
- must now be included. The nucleus 


of this atom has lost one positive cliarge 
with the hydrogen nucleus and gained 
two innn the a-particle: its atomic 
, , number has therefore increiise<l by one, 

. [ while its mass-number bus mcreased by 

; ; 4--IS3. Oneot the products of the <hs- 

( integration of nitrogen by an a-purficle 

would therefore apfieur Xo be an isotojH* 
i>f oxygen: mass • number 17, atomic 
number 8. For many years it was be- 
^ lieved that oxygen had no isotopes, sinc<* 

the most careful search with the mass- 
s^>ec(rograph revealed none, but recent 

K7g 00 «-I’“''i<r.cL«TKACK: pr'^ress Ki thf shidy of spectra has 
IN NirmofeN shown that oxygen does coniain small 

quantities of isotopes. The existence oJ 
isotopes lends to doublets in the infra-red ab^rption spectrum, and 
bv this means it has been shown that the oxygen isotopes have I lie 
tnass-nunilK'rs T7 and iS, and are present to the extent of four parts 
in ten thousaiul and (wo parts in one thousand respectively. This 
pr<)]u)rt ton is small to l>c capable of detection by the inass-spectro- 
gr.iph. )nit It involves a significant change in the ratio of the chemical 
aroma: W4*ights of oxygon and hydrogen. The change in this ratio 
IS sliglillv more than one part in ten thousand. Isotopes of carbon 
and nitrogen have also been detected by the sjwtrum meth<id. 
Like those ol oxvgeti, they arc present in very small proportions. 

Neutrons and Positrons.—Until 1930 there existed no convincing 
evidence that matter was composed of units other than the charged 
particles, electrons, and protons. It will be noted that these 
particles are antithetical in charge, but far from equal in mass. In 
that veat the bombardment of berylluira compounds by a-rays 
demonstrated that a particle was formed (by the interaction of the 
<2-particle with the beryllium nucleus) which, although forming no 
track in the Wilson ckmd chamber, caused drastic nuclear reaction 
upon atoms at a distance from its point of origin. Detailed in¬ 
vest ig.u ion disclosed that this new particle had no electric charge, 
and a mass almost equal to that of the proton. It was named the 
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neutron. The most recent determinations give the mass of the 
neutron as 1*0089, proton as I'ooyb. Atomic 

nuclei were fonnerly thought to be compounded of protons and a 
lesser number of electrons, to correspond with the atomic number, 
which defined the nuclear positive cliargc. This view has now been 
abandoned, for modem investigation of nuclear pro perries has 
shown that electrons as such cannot be (>resent in nuclei, although, 
of course, they apj>ear externally as the result of radioactive dis¬ 
integration. It is now accepted that il A is the mass number of 
an isotope of an element, where Z, the atomic*, number, 

gives the number of protons, and n the iuiml>cr of neutrons. The 
nontron has proved a weaj^on of groat power in the study of nuclear 
reactions, for its approach to a nucleus is not retarded by the violent 
electnxslatic effects unavoidable when a-parlicics or accelerated 
prolrms are used for bombardment. Neutrons arc now known to be 
ojocled in a wale variety of nuclear reactions, and it is probably 
common knowledge that the explosive lis-sion of the nrauinrn 
isotope ”*U is iichicved bv the agency of neutrons generated in the 
fls^ion itself, so that the latter becomes a ‘chain ' reaction, [o 
explain fully the course of some nuclear reactions it is ncia'ssan' to 
postulate the emission of a f^arliclc having the small mass tA the 
cleclnm, but of opi)usitc an<l ajual charge. This p-irticlc is named 
the po^itnm. Il ba.s usually a short e.xistcace, for uu i(som:<;untcr- 
ing an clectnm Iwtli particles may disappear, and y-radiaiioii lesults. 
riiis process is another clear example of the relation of mass and 
energy, anronnting to mlerchangeabilily, predicted by itiod(*rn 
physical tluiories. 

Nuclear Cbeuxistry* —Frcjm 1806, when Recqucrcl discovered the 
natural radioactivity of certain heavy elements, until 10ig nuclear 
chemistry was con lined to the study of the products of this ly]*>e of 
spontonerous decav. Ntj method xvas known of affecting the 
stability of ordinary nuclei, nor was the natural disinlegralion in 
any way controllable. A Mime what passive role was imposed on 
the chemists and phy.sicists who shared the necessary investigations 
between them. As describtxl alwvc (p. 320), Kut her ford in 1019 
showed that atoms of nitrogen yicld^ protons wlH*n bf>mbardefl 
with <7-part ides, and later research proved that oxygen was simul¬ 
taneously produced. Since that time the development of the 
subject has necessarily lain cot ire I y in the hands of physicists, h>r 
the Uigh-jMWfi appajalus required can only be salcly ojKratecl by 
those specially trained in its use. On this account the subject is 
often called, perhaps more justly, nuclear physics, but from the 
systematic point of view chemistry can lay the strongest claims to 
include the results of the^' experiments, amducted by physical 
methods, within its own domain. It should be mentioned that in 
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the most recent advances of the subject, which has thereby so 
forcibly thrust itself on the world, chemists have played al least 
an equal part with their collea^cs. 

The ‘ reagents ' used to attack nuclei are as follows: 

(i) a’pariicles, produced by natural radioactivity; their m(jiTienta 
as ejected from these sources are very high. ‘ Artificial' a- 
particlcs can also be produced from hehum. 

(a) Protons or deuttrons. The.se are ics|>ectively the nuclei of 
ordinary hydrogen (mass i), and of ' heavy ' hydrogen or 
deuterium (mass 2). To secure sufficiently close approach to 
the nucleus under attack these positively charged particles 
must be accelerated by the use of powerful electric fields. 
Much of the recent progress m the use of these particles has 
depended on the building of large-.scalc physical apparatus 
(e.g. the cyclotron) to produce very large acctlcrations. 

(3) Neutrons. These uncharged particles (mass i) are obtainable 
only from some subsidiary reaction with charged (laxtides. 
They cannot be accelerated, but can readily be sit)wecl. if 
necessary, by allowing them to diffuse through matter com¬ 
posed of light atoms, e.g. water or graphite. ' Thermal' 
neutrons are neutrons that have been so slowed that their 
si>eeds are similar to those of gas molecules at ordinary 
temperatures. The effect of neutrons upon nuclei is often 
affected by their speed. 

The charged particles can. in general, only be used lor attack on 
light nuclei, since the electrostatic repulsion of a heavy nucleus is 
prohibitive to close approach. Neutrons, on the contrary, can be 
made to react with all nuclei. Their discovery has, tlierefore, 
greatly advanced our knowledge of nuclear chemistry. 

It has been found that nuclei under attack react in two ways. 
At the moment of impact a relatively massive particle, which may be 
a proton, deuteron. a-particle, or neutron, is ejected (sometime.^ 
accompanied by y-radiation); the remaining nucleus is then usually 
stable. In the second kind of reaction the impinging particle is 
* captured,* and the resulting nuclei of greater mass stabilize 
themselves rather slowly by ejection of electrons or positrons. The 
latter sort of reaction lea^ therefore to "aiUficial* radioactivity, 
A few of the heaviest atoms undergo, after capturing a neutron, 
the exceptional change of * fission.* In this the slightly enlarged 
nucleus splits spontaneously into two nuclei of approximately equal 
mass, about half that of the parent nucleus. I'herc may be con¬ 
siderable discrepancy in the summed masses of the nuclei produced 
and that of the parent. Tliis difference in mass is converted into 
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radiation of prodigious intensity. The most fully explored example 
of this kind of change is given by the equation 

*^*U-|-^n=atoms (see below for nomciidature). 

0 a4-st 

Nncleai Reactions.—In writing equations for nuclear reactions it 
is necessary to amplify the usual chemical s)nnbo! by adding the 
mass number (as superscript), ami (he atomic number (as subscript). 
The symbols used for the neutron, electron, and positron arc 

respectively and c. In an e(|uafTon it is re<|uisite that (he 

sum of superscripts (mass numixrrs) and the sum of subscripts 
{atomic numbers) should separately balance on the two sides. It 
is also convenient to use the symbols a, />, d, and n for a-part ides, 
protons, deutcrons, and nculnms rcs|iectively. A type of reaction 
can then l>e summarized by writing in a bracket, fust the impinging 
p.irticle and then the ejc'clwl particle, e.g. (/», «) means that a 
neutron is ciected by an impinging proton. We shall now give, out 
of the many known, one example* of each type of change, writing 
first the tvi)e of reaction, and then the equation Radioactive 
prcxlucts arc marked • 


I'ype of reaciion 

E<ftia/ton 

\p. o) 

’Ll f'lIrT2‘llp 
n 1 a 

r<*cKCKOrT and Walton m 1^32, 

This reaction, discovered by 

1 provided the first cxam])le of 

atomic fission The slight loss ol 

mass in the change (concealed by the round-off atomic weights) 

»p])t*ars as radiation. 


{p. n) 

’Li+'H='Be+D 

114 1) 

(d, a) 

4 13 V 

{d. P) 

ft 1 4 1 

(ft n) 

. *T 1 . * 

B4 H“ C+ n 

A 1 ft 0 

in. a) 

Ne+ n=*’0+'He 

itt i> ^ 7 

(n, P) 

“Mg-P*n^*"Na *4 

1 * ft ii 1 

(a, p] 

•^N + *He="0+'H 

7 9 ft I 


This first ' transmutation,' discovered by Rutherford in lorg, was 
the stimulus to all later progress in nuclear chemistry (p. 320). 
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(a, H) 'Vr'Hc-”Na*+’n 

7 11 fl 

The ‘ artificial' raclioactivity of srKlium: 

(half-JIfc, 15*5 hours) 


n 

n 


Na '>*"Ne |-^e (lialMifc, more than 6 months) 


Kadioaclivc sodium may also be obtained from ordinary sodium 
(usofi as sodium chloride) by reaction with dcutcroiis. 

' II III I 

We conclude with reactinns» which to chemists probably surpass in 
interest all others in the subject, namely tlie recent synthesis of 
the ' t rails-nraiimiu ' elements of ntoinic mi rubers 93 aiul gi cater. 


KB* 

M 2 


U I (lialf-lif.', 23 mins.) 



(lialMifi-, 2-.J days) 



‘'“'•i'll !- "o 

94 


(half-life, 24.3(10 yrs.). 


'fhe new elunenls, iieptuniiiin Np, aiKl plutonium Pu, are both 
raihoactivo, but the lattei reverts, bv tire loss of an a ]>artich', Ur 

slowly lluU it cau be treated as a stable elcinunl. 


Nuclear Stability.—An understanding of the faclf»rs involved in 
nuclear stability is of cardiiud importance, for the rclaliw stability 
must ultimately determine tlie abundance of atomic spt'cies, but in 
the absence of an accepted theory of nuclear constitution progress 
must be slow. One rcbult of siguihcance is seen when wc select 
from the table oi isotopes (p. 315) the .stable atoms witli only one 
isotopic (orin. These arc Kc q, F m, Na 23, Al 27, P 31. Sc 45, 
V 51, Mn 55, As 75, Y 89, Nb 93, Cs 133. La 130, Pr 141, Tb 159, 
Ho it)5, Tm 160, Ta 181, Au 197, and Bi 209. Without exception 
al! these atoms have an odd mass number A. Consultation of the 
table shows that with the sole exception of the lightest element 
beryllium, all aLso have an odd atomic number Z. From the 
relation A=Z-^h, where n gives the number of neutrons in the 
nucleus, w’e can deduce two possibilities for odd values of A, viz.: 
.^srseven Z+odd n, or ^=odd Z-peven n. The fact that the 
second alternative almost always occurs indicates a tendency for 
protons (Z) aud neutrons (») to pair separately in the nucleus, this 
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tendency, as might be expected, being stronger for neutrons than 
for protons. In all the above atoms one proton must remain 
impaired, while all neutrons are paired. When A is even there are 
again two possibilities: /4 55-o<1d ^+otld w, or /t^cven Z+even n. 
In the second case all protons and neutrons are paired; in the first 
both a neutron and a proton reiiiain unpaired. Inspection of the 
table shows how' freciuenily even A occurs with even Z, whereas 
even A with odd Z is relatively rare. There docs not appear to be 
any good evidence that helium nuclei are puxluced as such in the 
nucleus by the union oi a pair ol pTOhms with a pair 0/ neutrons. 
Radioactivity, ' artUicial' or natural, is associated with two typi's 
of disintegrative process, or 'decay': emission ol «-particIes. or 
a-activity, emission ol electrons or positrons, or ^-activity. There 
are no known examples of the emission of protons or douterons in 
radioactive transformations. The lightest element showing a- 
activity is bismuth («?—K3), and this is an activity produced arlifi- 
(ually by bombarding bismuth with high-sf)ocd a*particlc5. In the 
/ 3 *actjvity of the lighter elements we doubtless see tlie result of a 
spontaneous and stabilizing change in the relative numbers of 
protons and neutrons, by means of the nuclear reactions. 

Pro lo n neul ron 4 • pr »sit ron. 

Neutron*protun -t-elcctron. 

In the example ol radioactive sodium the atom.s Na and Na are 

u it ** 

iranslormed resncctivclv into Mg and Ne; here we see the 

ue 10 

tendency to lorm nuclei with lioth A and Z oven. 

Mass 0! the Nucleus.—The theory that atomic nuclei all enntam 
intogial nunil>ers of protons and neutrons takes us back to the views 
of Pkout, who more than a century ago suggested that all atoms 
were made up ot hydrogen atoms. When the improvements in 
analysis shoivcd some atomic weights to l>e far removed from 
integers his hypothesis fell into disrepute, but that difficulty has 
been to some extent removed by the discovery of isotopes. On 
the other hand the most exact measurements do show that I Ik* 
atomic weights on the oxygen scale of nearly all isotopes are 
distinguishable from integers, though they approach integral 
values very closely. The atomic W'eight of hydrogen is dchnitely 
1*008. and li hydrogen is taken as staiidard the deviations ot the 
other elements are rather greater; the oxygen standard lias ibere- 
lore advantages other than those onginaiiy claimed fur it. The 
devuitions themselves have been accounted for on the basis ol 
the theory of relativity, from which it can be showm that four 
hydrogen nuclei closely grouped together with two electrons, as 
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in the helium nucleus, will have a total mass smaller than their 
individual masses in the free state. Tlie difference of 0*029, i*®* 
(4X i*oo8—4*003), is in quantitative agreement with theoretical 
requirements. 

The deviation of the atomic weight from an integer is a con* 
tinuuus function of the atomic number, and on these views is 
connected with the stability of the nucleus. In years to come 
it will perhaps be possible to connect nuclear stability will^ abun¬ 
dance on the earth, but at present such theories are very far from 
fimility, 

AirazigemeDt 0! the Electronfi.—We have hitherto concerned 
ourselves with the nucleus: we must now return to the question, 
of great im]X)rtancc since it dcUTmincs the chenjicril properties, 
of the arrangement of the electrons in the outer parts of the atom. 
Wc have shown that those are equal in number to the atomic 
number and shall for a short time abandon the discussion of pljysical 
methods and revert to chemical considerations. 

.\ny thcoiy of electron structure must account for the extra¬ 
ordinary chemical stability of the inert gitses, the only elements which 
form no compounds. Their atomic numbers are: He 2. Nc 10, 
A 18, Kr 35, Xe 54, Em SO, which can also written: 2. 2 hS, 
2+8 1-8, 2+8+8+18, 2H8h8+i8+iS, 2d-8-f « iiSH 18+32. 
and are the succcs.sive totals of the series 2(1*+2*4 2^H 3^-f 4^). 

Since chemical combination consists in the interaction of the (outer¬ 
most electrons of two atoms—presumably either a sharing or un 
exchange—wc must suppose these inert gas structures to have 
negligible powers of a<lding electrons or jiarting with them. It 
therefore seems probable that these electrons form closed groups, 
and that when the atomic number is one greater (as in the alkali- 
inelals), the extra electron is the beginning of a new group. On these 
views the structure of the first tliirtecn elements will be as follows: 


EUment JJ Jh Li He H C S O F Ne Nu Mg AI 

Inner Grotip 1222222222222 

Middle Group — — 1 Z 34567SKSS 

Outer Group — — — — — -- - — — — 1 2 3 


The suggested arrangement l)ears an obvious relation to chemical 
properties, and might have been predicted on that ground alone. 
We know that the formation of a sodium ion Na* from a sodium 
atom consists in the loss of an electron, and we now suspect the 
sodium ion to have the same electron stnictnre as the rare gas 
neon. Wc cannot expect it to have all the properties of an inert 
gas, because it has an excess positive charge on the nucleus, but it 
does show the chemical stability which we have attributed to such 
a structure. In tlic same way a fluorine atom, by the addition of 
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an electron, becomes a fluorine ion, likewise with the neon electron 
structure but now with a deficiency of one positive charge on the 
nucleus. The chemical implications of these ideas will be more 
fully considered in the next chapter; mcanwhUe the physical 
evidence for such electron arrangements must be dealt with. 

The Rutheiiord-Bohr Atom. —By 1913 the relation between the 
atomic nucleus and the surrounding electrons had been established, 
and it was possible for the Danish physicist Bohr to give a quanti¬ 
tative account of many observed phenomena on the basis of an 
aUimic mo<lel called the Bohr, or sometimes the Kutherford-Bohr, 
atom. Tliis was based on the quantum theory of Pj.anck, put 
forward in 1900, according to which radiation can be emitted or 
absorbed only in units of energy equal toftv, where ft is a universal 
constant (' Planck’s constant') and v the frequency. These units 
are called quanta (sec p. 272). Bohr suggested that the extra- 
nuclear electrons rotated round the nucleus at high speeds in 
closed orbits, with each of which was associated a quantum- 
number characteristic of the orbit. Energy could only be radiated 
or absorbed by the electron in quanta, and the gain or loss of a 
quantum cau.sod the electron to move from one orbit to another. 
'I'he quantum theory was necessary lo explain the stability of the 
orbits or so-called stationary state's, for the classical mechanjcs 
would predict a gradual lossof eiicrgv from the electron, by radiation, 
which would tinally cause it to fall into the nucleus. 

The Hydrogen Spectnim. —Bohr was able to show on theoretical 
grounds that for the lighter elements at least the electrons would 
arrange thcm.seIves in groups containing 2, 8, and 8 electrons. 
In each group the princij^al quantum-number, just alluded to, 
is the same: the principal quantum-number of the inner group is 
I, of the next group 2, and so on. Within each group a second 
quantum-number expressed the eccentricity of the elliptical elec¬ 
tronic orbit, and more recently a third and a fourth quantum- 
numtior were introduced. The great triumph of the Bohr atom was 
the quantitative explanation of the lines of the hydrogen spectrum. 
Each line represents radiation of a certain frequency and mtist 
be attributed to the transition of an electron from one orbit lo 
another: this Bohr was able to do, thereby accounting for certain 
mathematical relatioiNs between the frequencies of the hydrogen 
spectrum lines which had previously been noted as empirical 
laws. The Bohr atom has also been applied with great success 
to other aspects of atomic physics—among them magnetic projx^rlies 
and the ionization of gases. 

Qoanttun Mechanics* — li. the last few years the nature of the 
electron has received much attention, and a new quantum mechanics 
has come into being, baseo on the mathematical work of de 
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Broglie, Schkodingkr. Dirac, arid olhcrs, accordin^^ to which 
the electron can no longer be regarded as a point charge. It is 
not possible to give any description in physical terms of the nature 
of the electn»n according to this theory, which defines it raathe- 
mafically. The theory leads to results in precise agreement with 
experiment, and oilers a natural explanation of atomic stationary 
states. Until a new model atom has been worked out on the new 
basis, wc shall, however, do well to continue to use the Bohr model, 
remembering that it is a model, in the in(cri>rctalion of chemical 
phenomena. Just a.s a valency bond was used in orgiuiic chcmistiy 
as a symbol without assumptions as to its physical nature, so we 
may continue to s\^iik of cicetionic orbits as symlnjls. It must not, 
however, be supposed that the quantum mechanics has swept the 
Ihihr atom entirely from the field: there are still atomic 

properties—the inaguctic pro|XTlies, for example—which receive 
an adequate cx})lanatioii on (he older basis. 

Atomic Structures of the Inert Gases.— In our treatment of the 
Bnlir atom we shall not find U ni*cc.ssaiy to go l^ovond the ]>rincipal 
quantum^number. Apart from the sr^cond and third cjuantuin- 
numbers, which classify the electrons inside the main groups, and 
the electron spin conin»clrd with the fourth quantum-nuinht'r, the 
electron structures o\ the inert gain's arc belicve<l In be as follows; 
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It will bo noliccd that the lir^il two grouj>s, 2 and S, once luiill ui> 
arc repealed in lughcr members, whereas the third group of 8 in 
arg('n has been increiised to 18 by krypton. I'hc outturn ost group 
is always 8, and a shell of eight electnms has a stability which is 
of great chemical signihcaiice. 
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CHAPTER XI 


THE THEORY OF VALENCY 

'I'lie classical conrcjition oi valency^VuJi*ncy .inU ili** periodic table—The 
electron-pair hond^KlectrovaJcnt aod covalcot binding—The eire Ironic 
Lhoorj' of valency-—The spins of eK*mentary particles—Illuslrative 
examples*-iToblcms in valency—Jrnne linkages; Kajans' theory—Atomic 
volunic and the periodic table—Kfleet of solvation -Covalent linkages— 
('onductivity of fused soils—Co-ordiiiati<m tumjwiuncU—The notun* of 
electron groups and shells- TJic valcin icsof llu’clorucals Ne lo A—Examples 
of co-or<hnation compounds—ClirUile coniiK>unds -SUTco-isomerism—riie 
concept«Iti of mesomensm. 

The Classical Conception of Valency.- It must not be forgotten 
that the theory of valency embodies a quantitative principle. The 
valency of an (element may l)c di*tined as the number of parts inio 
which its foUil combining jH>wer can be divided. It follows that 
bcf<»re wc can <iclennine the valency of an element A one or more 
elements of unit valency, that is of indivisible combining power, 
must be available, (iiven the univalent standards X and Y we may 
fix the valency of A as follows. Com|.x>unds of A with X and with Y 
arc prepared, and from them are s<dectetl those of the forms AX,» 
and AYfu. It js essenliai that only one atom of A Ix' present in the 
mcilecuk's of the aim pounds chosen, a matter not easily busceptihlc 
of proof unless the compounds are volatile. The valency of oxygen 
01 sulphur in OHj or is self-evident, but has been much disputed 
ni H.^Oa and SgCU. By suitable analysis the (integral) values n am) 
rn are determined, and these are the valencies of A in the compounds 
selected. The pioneers of the principle of valency, Kekule and 
his contemporaries, inslinclively clrise hydrogen as their standard 
univalent element. In the light ol modem theory we can appreciate 
how sure their intuition was, for hydrogen is the only absolutclv 
univalent element, in the sense that in no circumstances can its 
combining power Ik' subdivided. In tlicit choice of chlorine as a 
subsidiars^ standiml they were on less sure groiuid, although Di^mas 
had demonstrated that chlorine replaces hydrogen in organic com¬ 
pounds atom for atom. It was in a liigh degree unfortunate lor 
early progress in the study of valency that fluorin<* was isolated so 
late in clioniical history, for wc know that, while a higher valency is 
not inconceivable, the uni valency ol fiiiorine can be trusted. 
Mf.ndeleekf strongly advocateil oxygen ns a (bivalent) standard 
element. He pointed out that if the valency of an etemcnl were 
assessed on the basis of its highest salt-forming oxide (basic or 
acidic), regularities that could not be fortuitous appeared in the 
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trend of valency values over the classified elements. The main 
objection to the use of oxygen is that its bivalency, bv introducing 
the possibiluv more than one scheme of bonding in a given oxide, 
mav leave the valency of the combined element ambiguous. Men- 
deJeefi could jiistitiably claim that phosphorus was quinquevalent 
in but had he kn<iwn that the formula of this oxide is PjO,,, 

even in the vapour state, he might well have felt less certain. 

Valencies in Periodic Groups L H, and HI.—There are sufTicient 
elements (e.g. ?tnc. aluminium, mercury, oxygen) which, by their 
volatile aiinjviunds, exhibit Iheir valencies unambiguously, and 
which also fonn stable inns, to prove that ionic chargt' (without 
regard to sign) is numerically equal to valency. Vor tlie mojorifv 
of the elements in the atiove groups we have in fact to relv Kirgely 
on this indirect evaluation of valencv, for tliesi' elements being 
mainly metals form icw' suitable volatile compounds. It is ele¬ 
ment arv knowk'dge that the charge's on (ho normal ions of tliese 
eiemenl^ ate not influ<*nre«l bv the nature of the niiion; sodium is 
singly charged in its hvilrkle, chloride, and oxide (NiioO), Tlio 
elements in these groups in lart coniin<nilv possrs.s(mlv one constant 
valency, altliougti some exceptions are iKJtablc among the heavier 
elements, such as copj>cT. gold, and thallium: mcrrur\’, however, is 
known to Ix^ bivalent in lx>lh its S(tics of comjKiunds. 1'he one 
element in these groups readily yielding volatile compounds is 
boron, but its behaviour towards hvdrogen is anomalous (p. 523). 
If we admit, as we well mav. that the group (CH,) is a go«>tl sub¬ 
stitute lor hvdrogen, then we can see from the cnmi>oun(K B(CHs)8, 
in\. and BCU that boron is m line with the other elements in respect 
to constancy of valencv. 

Valencies in Groups IV, V. VI, and vn.—Tlie elements carbon, 
nitrogen, oxygen, and fluorine lorm an ample supply o( volatile 
compounds, and (heir vaU-nries are clrarlv unaffected whether we 
employ hvdrogen or fluorine as test element. We have CF^, (CCl^), 
and CH^; NMj, and NF,; OH, and OF,; FH and F^. It is interesting 
to note that rnoderrt electronic theory has vindicated the opinions 
of Kekulc, w'ho, in his championship of the constancy of tlie valencies 
of carbon, nitrogen, and oxygen was strongly opposed by some of his 
contemporaries. When w'e turn to the heavier elements of these 
groups w»e find widely difiering combining powers towards hydrogen 
and fluorine. For example we have PH, and PF^; AsH, and AsFj; 
SH2 and SF^: TeH^ and TeF,»: IH and IF,. If we take the simplest 
view about the constitution and formulae of the oxides of these 
elements, for example SO, and Cl, 0 ,, they confirm the high valencies 
indubitably evoked by fluorine. The view most in harmony with 
modem knowledge of atomic structure regards these elements of 
Groups V to VII as exhibiting a variable combining power, with 
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definite minima and maxima. Jt is significant also that the values 
of the observed valencies change in stejjs of two units, a point noted 
early by chemists. 

Phosphorus (3 and 5): PH,; PFj(l\ 0 ,o). 

Sulphur (2, 4, and fi)* SIL; Sh\(SOd; SK,. (SO,). 

Chlorine (2. 3. 5 , and 7): CIH. (CIF); CIF,; (CIO^J-; (CIO,)-. Cl, 0 ,. 

Iodine (i. 3. 5, and 7): IH, (ICI): ICl^; U\, (LO,); IF,. 

These and other examples show that hyilndcs exhibit the minimum 
valency, and fluorkles anil oxidi*s the maxmiuin. It was jx>inted 
out long .igo by Ana or. that the sum ol the valencies towards 
hydrogen and towards halogens or oxygen was always eight in 
(ironp-s IV to VTl inclusive; in (in'-up IV both valencies are eijuai 
l<' lour. He considered that hydrogen valencies, called posiixva 
valencies, might be of a different nature from the net>ativc valencies, 
towards halogens and oxygen. Our present knowledge of atomic 
structure shows, however, that such an opinion cannot be sustained. 
There is no feature, ior example, m the phospii irus atom prohibiting 
the fonnalicm of Ixitli PH.| and PH., lo currt'spond with PI', and 
PFq. 'Hie reason why PH^ c-tnnol be prepared is one ot energetics. 
The system PH;, I iU is very much more stable than the single 
molecule PH,. Phosphorus }>entachloridc. PClj, dissociates with 
rise of teinjKTature b^ause the stability of the system PCl^+Clj is 
comparable lo that of PCI^. It is essentially the great stability 
of the hydrogen molecule Hj that limits hydrogen valencies to 
the iiunimum possible. II theieforc we re-dehne valency as the 
maximum number parts into which the total combining power is 
divisible, we may follow Kckule in asserting that valency is a 
constant, characteristic ol an atom; phosphorus and sulphur, for 
example, are respectively quinquevalent and sexivaleni. elements. 
This conception is strongly supported by the stereochemistry of 
polyvalent elements. Thus the shapes of the molecules of sulphur 
compounds may be derived from the octahedron, some of the 
valencies being, of course, suppicsscd u) the * lower * compounds. 

The Electron-pair Bond.—Though from tlicir introduction about 
i860 smgle and multiple links between atoms have become the 
common symbols in which tlio chemist expresses his exhaustive 
and successful investigation vl inolcailar structure, at no time before 
about I (jib could a conception of the nature of Iho.se* links rise 
above the vaguest speculation. It is perhaps a sobering thought 
that the combination of two hydrogen atoms to form a molecule 
assumed by Avogadko in 18 it received no satisfying explanation 
until the year i<)2y. This consummation was so long delav'cd that 
those who hesitated to accept Avogadro's original hyjx)thesis may 
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well be acquitted of excessive conservatism. The stimulus to put 
an end to (his obscniranlism came, of course, from physical dis- 
ro VC lies about the <onstitntion of the atom. About the year igii 
IjOHR atinniince<l an elucidation at eloctronic arrangements in 
atoms, barrel hnniy on sjxs lroscoinc data. At the close of jpih 
KosiM'j, 111 Europe and G. N. Li:wis in America independently 
showed that a saiisfactor>' but still einpincal description of the 
valenrv bond lay in tlic assumption tliat it ui some wav implicated 
a j>air o( ele<‘lr(ms. Aliims enleroil combination wlicu each could 
supply one electron of the pair, ami alter the chemical union each 
of the pair of electrons pariicipa(ud in the structures ot the unitcil 
atoms. Electron sharing was thus a mo<ie ot electron gaining. 
It apjHrarcd that a limit was set to tins picHress i>f electron <j,jnijng 
in that atoms wcnilci not □(cumulate in<»rc than eight electrons, 
iminding those sliaietl. 'Mus limitation became known as (tic 
octet ftilr. These early ideas proved very tcrlile, and walh sonic 
arnphlirations withstood the test of upplication and dcvelupniciit. 
'I'he incornpletcnes.s of this theory' is reali/c<l when wc turn to the 
energetics of chemical union. As has been mentioned (Chapter Vi I, 
p. 221) all atomic combination ninsl l>c exothermic. Now, if we 
could view all chemical union as due to a combination of ions the 
source of tins energy ol formal ion could lx* traced to sunjdc electro- 
slalie cffect.s. Allempis were indeed made to implement this 
conception of chemical union, but when we consider such a well- 
known series as CHj, (H^CI. (TlXlg. CHCI3, and CCI4, we see the. 
futility of such a view, l(*r while it is not incenu civable that carl h> 11 
should he cationic in C{'\^ and anionic in CH^, what charges arc to 
be as.signccl to it in the' inteimediate compounds? The essential 
achie\cm<'nt of modem pr(»grcss in this subject since about igsn. 
when tjuantum mechames was founded, lias l>ecn the deni oust rat ion 
of the source of the energy of union in what have come to be called 
covalent compounds, such as PE, CU, TH,, etc. Ilns development 
has at the same time confirmed the fimdameutal necessity for a 
pair of electrons as the agency of nonnal, stable union, aUhough 
showing that o single electron can evert Ixinding properties of less 
power. While it is in the highest degree a source of satisfaction to 
realize that the theory of the electron-pair l)ond has more than an 
empirical basis, the former qualitative oull<x>k can still [jrovide us 
with a valuable conspectus of chemical comjrounds in general. 

Electrovalent and Covalent Bindii^.— We arc now in a position to 
classify l>onds as rlfctrovalent, or anvlent. 'I he electrovalent bond 
is found in crystals such as that of sodium ehloride, winch is built 
of sodium and chloride ions, Na*^ and CE. 'I'ht* link here docs not 
involve an appreciable sharing of electrons, but arises almost 
entirely from simple electrostatic at traction. As a consequence 
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the crystal is a relatively doselv packed as^mblv of equal numbers 
of the ions, and the number of nearest nei^hUmrs to any ion Na^ 
or Cl' is dctemiined not by chemical but by geometrical factors, 
particularly the relative diameters of the cations and anions. 
Electrovalent Ixmds are usually very strong, esjHcially when 
multiply-charged ions arc concerned: corundum, Al^O^, built of the 
ions AF+ and is nearly as hard as diamond. In a covalent link 
there is electron sharing. It mij.sl, however, be jcalled that only 
when the linked atoms are identical (or isotopic) is (he sharing 
erjual in respect of the two atoms. I’hv more electronecative atom 
usually obtains the larger share <if the Ixmding electrons. If it is 
desired to visualize the bond as the circulation of the two electrons 
around both nuclei, then it is to bo assumed that the electrons take 
longer to move round the moie negative ahmi. When the more 
modern view is taken that the electron charge must be ‘ smeared 
out ' over all the molecule, then we must visualize the negative 
cloud as more dense around I he more electronegative atom, fhe 
W'hole aspect of the molecular cloud lying nomtallv pear-shaped 
and iiol <'lhpscudal; it has the latter syiiiinetrical shajy onlv in 
homopolar molecule.s, such its IL. etc. The normal polaritv f>i 
the covnleni link comes to lighl in the e*xislenee (roiulilv tested by 
exiK'ninent) of a definite dipUt mmxcnf. given in value by the prmiucl 
of the charge displacement 8 and the <hstance l>otwccn the atomic 
centres r. The dij)ote moments <*f the links C—N, <^—-0, and C —( I 
are rcspt'ctively 0 4, 0*86, and 1*56 (deb3'es); here the increase ol 
elecironegalive nature in the scries nf elements nitrogen, o.wgen, and 
chlorine is well shown m the corresponding increase of dipole moment 
There are among chemical links all gradations of polarity, from zero in 
homopolar compounds to the niaxiimim in electrovalent links. 

The Electronic Theory of Valency. --In the light of the above 
genera) pruici[>los it is seen that the ''alcncy of an element must be 
just the numl><?r of electrons it can share, under the condition that 
every eleriron shared brings a sec<iiid into the atomic structure, up 
to a certain limit. For h3’dn>geii and helium the limit is reached at 
only two electrons. Hence hydre^en is an abs<dutely univalent 
element, and cannot assume a higher valency (see above, p. 331). 
The choice oi hydrogen as a valency standnnl b^' earlier chemists is 
thus seen as a brilliant stroke of intuition. As the limit is reache1 1 
in helium before combination this clement is incapable of chemical 
combination (when in its normal state). For the elements of the 
periodic series lithium to duorine, the limit proved by both 
modern theory and by chemical experience is eight. Hence for 
these elements the ’ octet * principle is quite rigidly valid. The 
maximum covalency shown in any compound of these element^ 
must therefore be four. We may see this rule in operation in the 
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series (BFi)”, CH4, and NH4+. In each of these molecules or ions 
the central atom, boron, carbon, or mtro|2;cn, is covalcjjtly linked 
to a maximum of four univalent atoms. This series emphasizes the 
|w>int that valency must depend upon electronic configuration in an 
atom. The electronic dispositions are identical in the species B“, 
C, and N*; wc can say that these jue iso<lccironic, and naturally 
all have the same quadrivaloncy; moreover all exert the quadri- 
valency in tetrahedral directions. 

Acting in this principle we may draw up a useful table of co¬ 
valency, not hesitating to include atomic ions. 


Atointc spetu-s 







0 

I 

z 

3 

4 

llyclrugea 

11 - 

il 




J.jtlumn 

1.1* 

I4 




b(?rylhutn 

llcH 

Owv 

Ue 



I^oroo 



(bM 

11 

ir 

Carbon 




c. 

c 

NitroRcn 



h- 

N 

N+ 

Oxygim 

0 -- 

< 

0 

0*^ 


1*1 u on Tie 







It should be clearly understiKKl that the assignment of z<*ro co- 
valeiicy to certain ions, c.g. F’, Li+, etc., does not mean that they 
cannot form efl^'ctive links; it means that these links musl be ex¬ 
clusively electrovulent, and in them electron sharing is absent. 
Ions such as F", 0 *“*, O .should strictly be classified a.s nni-eleclro- 
valent, non-covalent; l>i-clectrovalent, non-covaienl; and uni¬ 
elect rovalcnt, uni-covalent re.spectivcly. Naturally this full de¬ 
scription is bunlensomc and the important prefixes clerlro- and 
co-( valent) are usually omit ted, and one finds a situation in which 
F“, I', Na, and Na'*' are «all indiscriminately called univalent. It 
follows from our conceptions that only those ions of covalency zero 
will be stable as chemical individuals: N*^ and B“ for example will 
exhibit as intense a chemical activity as carbon atoms. 

The Spins of Elementary Paiticlee.—Although modem theor\' 
docs not t)crmit us to adojrt the simple planetary model of the 
motions of electrons in atoms and molw:ules, we must still ascrilxi 
tl'ie pru]>crty of aiii^u/ar momentum to these motions. For a plane¬ 
tary orbit of an electron around an atomic nucle.us, angular nn^meu- 
tum would be expressed by the product where / is the moment 
of inertia (or * moment of momentum'), and 10 is the angular velocity. 
11 is a fundamental jx)stulatc ot the quantum theory ilial the dec- 
trt)nic angular momentum can only have values given by the 
formula \//(/-|*i).h/2jr. Here A is a universal constant (Planck's con¬ 
st mit), and/an integer, taking values from zero upwards. TIk* fact that 
an electron can exist in an atom w'ithout orbital angular momentum 
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(/=o) and yet not coalesce with the at tract uig nucleus shows how far 
the modern atomic dynamics has diverged from the classical form. 

It has, however, proved impossible to reconcile spectroscopic data 
with theory unless the electron possesses another independent form 
of angular momentum. This second form is usually pictured as a 
spinning motion around its own axis. While this spin can occur 
in two directions it is always associated with an invariable momen¬ 
tum (\/3ft/47r). Electron spin is to be regarded as an inherent 
electronic properly, and it plays a fundamental part in theories of 
valency, for the two electrons implicated in a covalent bond must 
j>ossGSs spins opposed in direction. Two atoms combine when 
they possess at least one each of a pair of electrons with spins 
so related. 1'he occurrence of two electrons in a chemical bond is 


indeed closely bound up with the fact of electron spin. It may 
further be noted that the magnetic shells created by spinning 
electrons are the chief cause of the properly of magnetism. It has 
recently IxKomc necessary to extend the notion of spin to the other 
elementary particles, the proton and the neutron, which are the 
units forming atomic nuclei. Tlie latter therefore become possessed 
of a characteristic resultant spin. In a molecule such as hydrogen 
it is not necessary (at least under lujrmal conditions) for the proton 
spins to have the antithetical relation rigorously imposed on the 
two electrons forming the lx>nd. Two forms of hydrogen molecule 
are thus possible, according as the proton spins arc ' parallel' or 
’ anti-parallel.' Since these fonns, known respectively as ortho¬ 
hydrogen (parallel spins) and para-hydrogcn. differ slightly in energy, 
each may lx regarded as a special (v’pc of allolrope (see further, p. 362). 

Ulusti^tive Examples of the El^troaic Theory.— Guided now by 
the classical principle of valency ssituration the reader will find no 
difficulty in assembling the above atomic species into known mole¬ 
cules and ions. Thus ' hydrogen ion ' and ammonia NH3 arc 
seen to be isoclectronic and structurally analogous; both are pyra¬ 
midal in shajx. As an illustrative exercise in the use of the table 
we may set out and discuss the ixssiblc formulae of all the ions 
formed by the union of nitrogen and oxygen; 



(NO,}*- 


N:=0+, 

(NO)^ 


(NO,)+ 
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In these formulae the net charge shown is the algebraic sum of 
those on individual atoms. The nitrite ion NO'^ and the nitrate 
ion NO", will be familiar. The cation NO+ occurs in lead-chamber 
crystals (p. 686), and in salts such as nitrosyl perchlorate, NO.CIO4. 
The nitronium ion NOj*** is present in concentrated nitric acid, and 
IS responsible lor aromatic nitration (p. 125). The anion NO" 
appears to be unstable, and spontaneously condenses, with some 
rearrangement, to the hyponitrile urn NstN— 0 ^. As the 
ortho-car bona tc group is well known m organic ortho-carbonic 
esters, e.g. (C^HjOl^C, the ortho-anions (COi)*", (NO^)*", and 
(NO*)**" miglit have been expected to have stable existence. All. 
h<iwever, readily undergo hydrolysis (sec p 341): 


(NO.,)®-.I II.O .(NOJ ! 2 OH-, 
(NO 4 )® •l•!I*0 = (N0;,)'-i 2 OII-, 

! ll.,0---(a)*)®- I iOlI , 

yielding rcs|)cctively I he normal cutonate ion 0 =C( 


O 

O 


•ind the 


nitrate and nitrite ions shown al>ove. Anticipating some later 
considerations, we may remark that the ortho-phosphate ion 
(TO4)**" differs Irom the hy|x>thelical oitho-nitrate ion (NO4)®" in 
structure, because pliosphorus can be truly quinquevalent, that is, 
it can accumulate 10 electrons in its outer shell. 

The ortho-phosphate ion is resistaul to hydrolysis m doiuuon. 
and must be assigned the formula 

O->P=0 
O"/ 


The anion derived from the tervalent element boron and 

analogous U» (NO*)® is well known in crystals. In aqueous solution, 
however, it is readily hydrolysed first to the simple anion 

(B0,)®-+H,0^{B02)-+20H-, 


which is analogous to the nitrite ion, and then these simple anions 
lend to condeuse into larger groups by sharing (neuiraJ) oxygen: 




THE THEORY OF VALENCY 


339 

Thus potassium metaborate is K^BjOe, and not KBOg, as is some¬ 
times written. The ortho-nitrate ion (NOa)®“ is susceptible to 
hydrolysis and cannot exist in aqueous solution; but, unlike meta- 
borate ion, the nitrite ion shows no tendency to polynicri;^c. 

Ty^cal ProblemB in Valency. —It is by their power to solve dilhcult 
chemical problems that new theorit^s will most impress the chemist. 
As an illustration we will consider the a>mt)ounds carbon monoxide, 
nitric oxide, luid ozone. The first two of these molecules present 
obvious and p:rave valency problems. l*'our bonds between carbon 
and oxygen ar<^ excluded on sterc«»choinical grounds; on the other 
hand, carbon monoxide shows none of the proix^mes to Ix) expocUni 
in a compound of bivalent carbon; it combines with halogens only 
uiulcr the stimulus of lailalysis and at temperatures alKjvc normal; 
it manifests no tendency to polymcri/.c. Glancing at the table 
on p. 33b we st'c that would saturate O^, IxUh being ter- 
valent, and the resulting molecule wcinld l>c electrically neutral. 
The structure C“&••-()* would, as I^ancmtur p<nnted <jut years ugo, 
be closely analogous I0 (and is^Helcclronic with) the molecula of 
elementary nilrog<*n, Nrr-N, and it is not surpri.snig that the physical 
properties of tltc two molecules (b.pt.. critical constants, etc.) arc 
id most equal. It must Im‘ noted tlial since oxygen is much more 
electronegative than carbon the six electrons involved in the triple 
bond, altlvjugh all shared, will not Ih' equally shared, and the 
accumulation of charge density round the oxygon will offset tlio 
.strong polar efleet due to the ionic charges. In this particular cumj 
the two effects happen to be almost equal, and, as 1ms been fuliv 
established, carbon monoxide is alim>st non-polar (see further. 

P- 354 )- 

Nitric oxide clearly lies lietween the structures 'K ~^0 and NiO*' 
alicadv mentioned (p. 337). We lussign it the formula N-“ 0 , 
wild cm the broken line means a single-electron bojid, or in more 
nearly classical terminology', a half-bond. With the six unshared 
electrons tlic five bonding electrons complete the total of eleven 
valency eloctnms derived from the original atoms, and l>oth atoms 
complete their ' octets.' It has alrondy iK’Cn observetl (p. 334) that 
modern theorv allows bonding |x>\vcr to a single share<l electron. 
Tlic pli/siral proj>ertics of nitric oxide arc corTip1eU‘l5' in agreement 
with this ‘ 2k '-bond formulation (for another treatment of nitric 
oxide, see ]>. 354) 

Ozone presents a problem of a dilTcrcnt luiture, lor on purely 
chemical grounds the classical formula 

0—O 

\ ' 

o 
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is not unsatisfactory. A detailed study by physical methods that 
cannot \ h * described here proves conclusively that the ani^le between 
the bonds cannot be 6o® as required by the formula atK>ve, but is 
near to 120®. When wc propose the alten^ative formula, 0 “—O+s^^O. 
we solve this difficultV, ior it is well known hom studies of the 
stereochemistry of carbon compounds that the an/^le between a 
sin.c'lc bond and a double bond is las"' (see further, p. 352). 

I1 has ion^ been known that when the alkali metals sodium and 
potassium are freely oxidiml in oxygen the oxides Na^Oj and 
(formerly wrongly written KjOd are produced in prefenmcc to those 
expected on simple valency gi'^unds, viz. NagO and K^O. Sodium 
]>croxi(lc and pota-ssium sapcroxkle have been shewn (by 
methods of X-ray diflraction) to contain the itms (O,,)*’ and (O3)- 
respectively. The tirst anion is easily hTiniilatcd as but 

the second is more obscure, just as we assumed that nitric oxide 
lay between N-—O and N:-. ()+, mi (Og) lies iH'tvwn O- 0 and 
0--0“, and its (otmiila is to l>e written (O- 0)". where the broken 
line again means a single-eletdnm braid. The three electrons in ilic 
bond with tlic ten unshauHl make np the total of thirteen electrons 
from the two oxygen with the single charge added The 

molecule NO and the ion O,,’ are among the rari* examples of ' odd 
electron ’ Slruclurcs. Whenever ixDSMble 2-elec(nni bonds are 
always fornied, so that most of the known cljemical coinpoimds 
have an even total numlier of vlcvttorus, as was first pointed out 
by 0 . N. Lewis in support of his original (hcorv. 

Ionic Linkages: Faians' Theory.—What dei<*rmmes the nature of 
the bond between the atoms of a compound? Why is it that 
sorlium chloride is a M»li<l with high melting-point and ionic lattice, 
fully ionized in the solid state and in .solution, while carbon tetra¬ 
chloride is a volatile lir|ind immiscible with water and rn which 
no trace of ionization can Ix' delected^ To sav that sodium 
chloride is ionic and carlxin tetrachloride covaiem is merely to 
stale the problem in other terms, but an answer, if only a partial 
one, can be given. According to Fajans, the foimation of ionic, 
links is promoted bv a high atomic volume ^ for the cation as 
compared with the anion, and by small ionic charges It is obvious 
that the larger a metallic atom the less tenaciously will the outer 
electrons lx held by the nuclear charge The formation of a 
cation ought therefore to be assisted by » large atomic yolume, 
while from similar reasoning it follows that for the production of 
anions a small atomic volume is desirable. It is likewise clear 
that w^hen several electrons are to be removed from an atom the 
difficulty ol doing so will pn)gressively increase, for the removal 
of each one increases the residua) positive charge by which the 
* The atomic volome ia the atomic weight divided by the density 
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ntliers arc retained. The tomialion ol miilliply-cliargcd anions is 
particularly difficult, l>cc;uise an electron scj>aratod from such an 
anion still leaves it ne^jatively charged and hence with no great 
power of recovering the «*lec 1 ron. Tims Ihe charge of olcmenlarv 
i(‘ns goes up to four for cations (r.g. Sn"*‘), but only up to two for 
aiuons (e.g, S"), and even doubly-<*hai^e<l anions slum' a teudenry 
to reduce thrir chaige by reaction wilh water: 

S'+H,0-bH'H-HS'. Hj0-v20H'. 

Jfnny examples of these ideas may 1 h* given. In any periodic 
subgroup I lie nuUallic character increase’s with increasing atomic 
number, and the most electmpoMiivc of nil metals are th(' alkali- 
inctais, whicii fonn * univalent * i<»ns. Tims in the piTiodic table 
metallic character increases from right to lelt and (nmi top to 
l>nltoni—e.g. in the onler K. Kb, Cs; or As. Sb, Ki; or 1 ‘i. Se. Ca, K. 
Ill the liali<les the fluoiides an* often ionic wlien the other halides 
arc covalent—e.g. AIJ*'g compared wilh AlCli. or HgFg compared 
willv HgCU. After protracti‘d spccnlation about it. the heaviest 



* halogen ‘ (at. no. astatine, At) appears at last to iiavc iK'en 
isolated, as an isotojie of mass no. 2TI, obtained from the nndenr 
reaction Bi(a, 211)At. 'flic half-life of this isotope is only 7'5 hours 
but lu spite of this handicap it has been found that astatine occurs 1:1 
solution not only as the anion Al“ but as cations in at least tw'o 



Ftu. loi. TitR I'PKIOMC GuOl'PS AN I* ATOMIC VOl.UMF. (ATOMIC 
VOLC^MK l^tOaiKD AC.AINST ATOMIC NOMliEK) 
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oxidation states, and the element can l)e dc}>osited at the cathode. 
It is therefore apparent that the tendency to metallic properties is 
evinced oven in the most electro-nc^Jitive group of elements. 

Atomic Volume and the Periodic TMt. —The extreme importance 
of atomic volume in detcrmininj» the chemistry of an element has 
only recently hwn recognized, but many years ago Lothar Mkyek 
showed that this was one of the mr)st unmistakably periodic ol 
the atomic properties. In lOO the atomic v(»lume is plotted 
against the atomic numbi'r: the jH'aks of the curve are occupietl 
by the alkali-metals. It is still more instructive to join up the 
points representing elements in the same group. a.s hns Is'en done 
in the small iliagrams oi Fig. loi. This shows tint in (irouf>s 
T nnd II the atomic volumes of Snbgnuip A fall in h natural scxjuence 
with tiiosc of the tyj>ical elcfnenls, wlule in (inmps VI and VII 
the typical elements go with Subgroup R: in (iroiips HI. IV', and 
\' there is little to ditHise Imuwwi Ihmi. 'Hus is in excellenl 
agreement with what is known of the soquenCH* of other ]>roperties: 
it will also 1m: noticed that the <!i{Terences iMjiweeu ilio subgroups 
arc extrenu* at the ends of ihe table but decrease ti>w'ards the 
nnddie. The atomic volunu's of the Group VIII metals an? al! 
very close. Where element sexist in allot n» pie forms, the lowest value 
i>i tlu* atomic volume ha-s iH'on taken: lor elements gi'iw'ous at 
onlinary temperatures the figures refer to the liquid at the boiling- 
point. The inert gas«»s have Ix'cn omitted. 

Effect of Solvation. —It is never prudent to snpi>(»se that because 
a compound in the pure slate is covjilent it will continue to be so 
when in solution. Tlie hydration tiial it may undergo in water 
may profoundly alter its proj>ertu’s, juid this is true of other solvents 
as well. Vure hydrogen chlorulc is covalent, hut dissolved in 
water it is highly ionized: the iims are not H* and Cl* but (H5O+) 
and Cr. The increase in ionic character may ag.ain be connected 
with increase in the size of the cation. This reaction with the 
siilveid is of fundamental im[v»rtaiicc in the study of achhty, and 
hydr<»gcn cliloridc is a strong acid only in w^lvenls in winch it 
soh ated. The same applies (o nitnc acid, which is covalent even 
in such solvents as alcohol. The dielectric constant of the solvent. 
as was shown in Chapter IV, is of k'ss imj'K)rlancc. Of alJ known 
acitls. j)erchloric acid best pmserws its ionic character in non- 
uqueous solutions. This points to a small volume for the |)crchlorat«* 
ion (i.c. small solvation), and is in harmoiw with the cx<x‘ptumally 
high mobility of the i<m in alcoholic solution. Organic acicK, on 
the contrary, have largo anions, and with few excej>tions are pre¬ 
dominantly covalent. 

Covalent Linkagei.— Covalent compounds are distinguished by 
the absence of ionization in ionizing solvents, though, as already 
M 
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nicntioiied, '«>lvaiion may lum ihvm intu ionic ct»rnjK)and'>. The 
absence of ions jnav bo proved by tbc usual chemital bv 

low electrical cojuluclivily, and in mjuiy other waj's. In com¬ 
parison with ionic: compounds of .similar tv-pc covalent substances 
are marked bv volatility and solubilitv in non-ionizing solvents 
(usnallv orf^Mnu) such as ben/eno or chlondonn. Covalent com- 
])ourifls often have un elalvirate crystal lattice of non-ionic type, 
whereas in the cryslaLs of hinic romi>onnds the dominant principle 
often seems to 1 h* the packing of the ions tOKether in the smallest 
j)as^il>lc spare, .some form of cubic lattice Unnj; very rommon. 

As an example of con>|>ounds tif similar tonnula, one ionic and 
the <ither largely rovalenl, we may give the rtut^ridi* and bromide 
of alununium: 


Aluminnim J’iitondc {tonic) 

MHtft at ji>on’* 

One form isinso)u1>)c in wMvt others 
an* filii^Utly KotuOlo I'he solutions 
are 

liiKolublu in orp:.nn]C IkjumIk 


Alttnniitvtn tlroniiJi' iCm'almi) 
Ihnlri al 270' 

Very M'>lnhl<‘ in Wikior llie solutions 
are liyilrolys<*4 

Markedly seldhir m or/;rime li(pif<js 
<e p honscnc)* die solutions aie not 

lOllUCj 


Condoctivity of Fused Salts.- -The electrical conductivity of tlie 
fuscil salt is tnie ol the erileria for covalejicv. 1'he lollowijig 
table shows the eonductivith's at the meltiiig-|Hiint of the chloviili's 
of some of the elements in the earlier gniups uf the periodic table, 
expressctl in the same units: 


IJCl less Uimi JO *• 

I.iCl NaCI 13J, KCl 103. K 1 »CI 78, CV'l C)7 

jU*Cb oy. MgClj i«j. C.iCI, 5-irSTCj. .y., 

iigcn j*5 X io-» nig/.’jj .\i>) 

StClj J5, YClj O'S, i.aCh 2<i o 
InClj 15 (Int'l, ^<K )n('l 130), 'J'H'ij 
less Umn 4 5 > lo-* (I ICI 47). 

SnCI* o (SuCI, £ 2)7 


bCIfl o, AlClj I'5 10 


iX\^ o. SiCb 0. 


It has further Iwii found that tlie variation with temperature of 
the condurtivity of the fuscil alkali-inetal chlorides is equal to the 
variation with tem|K*njture of tlie \ascobitv. so it is siij)]H>sed that 
these chlorick‘s arc fully dis.socmte<l in the fused sfalt*. It is very 
interesting to notice that the mobilities of the alkali-nietal ions 
decrease, as one would expect, as the atomic volume me leases, 
whereas in aqueous solution the mobility of the hydiated ions 
mcreases Irom lithium t<i caesium (p. 153). In other group.s 
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the dissociation is probably not complete, and the increase in 
dissociation as the cation grows larger is of more effect than 
the accompanying decrease in mobility: Group II, typical 
elements and Subgroup A, is an excellent example of this. It 
should be noticed, too, how the tendency to covalency increases 
in Groups I to IV: the higher the valency of the cation the less 
its power of forming an electro valent bond. This effect is also 
strikingly brought out in the chlorides of elements of Viariable 
valency, such as indium, thallium, and tin, the chlorides of lower 
valency having a pronounced conductivity even when tlie chloride 
of highest valency has none. 

The occurrence of isomerism is naturally an unmistakable sign 
of the existence of covalent bonds, since ionic bonds have not the 
fixer! orientation necessary to it. Co-ordinate links (below) may 
also serve as a basis of isomerism. 

Co-K)rdinatioii Compounds.—Another branch of chemistry wherein 
the new theories have proved their power is that of the so-caUeci 
' molecular comjwunds.' It has h^ng been known that many metallic 
salts will absorb and combine with ammonia: for example, cupric 
sulphate yields a deep blue compumrl, CuSOi.4NHa, and silver 
chloride, AgCl.2NHt; nickel sulphate yields NiSO^.bNH,. Befoic 
the foundation of the electronic thcr^ry it had become clear, mainly 
as the result of cxj)eriments by Werner, that in the very numerous 
compounds of this class the ammonia is bound wholly to the mulalHc 
ion. When we remember that a nitrx^en atom possesses five 
valency electrons it can Iw seen that in ammonia NHt a total of 
eight valency electrons in all is present, but only six are shared to 
bind the three atoms of hydrogen. We have but to assume that 
each ut the pairs unoccupied in Iree ammonia is employed to build 
u]) a new shell round the cupric ion 00**+ to fonn a conception for 
the reason of the union. 
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A covalent linkage formed by this unilateral sort of electronic 
transaction is often termed a co-ordinale linkage, l>ecause Werner 
chose tiie term co-ordination compound for the iypt of molecular 
compound we arc discussing, it must not l>e assunjed that the 
linkage fince formed differs in any way, a'rlainly not in slabilitv. 
from an ordinary covalent link. If wt pursue tins explanation over 
llu' whole wide field of known co-ordination conip>ounds we shall often 
find tliat the octet rule must }>e alandoned. Thus in the familiar 
fen oc van ides and ferric y an ide.s we find six CN“ groups lx>iind to the 
fernni> or ferric ion, and in the leccnlly prepared molyhdeno- 
evanides there aie eight CN” groups round a molybdenum ion. 
'riiis brings us again to the question whether, as was formerly thought, 
ihe octet rule is universal. That it isTTgt*rous for the light elements 
from lithium to fluorine i.s certain, hut iinich ch<'mi(*al evidoiu’e 
would have to be disrrcdiled if it were not to be relaxed for heavier 
elemerils. The well-known stmclures, (SiFq}^', niul {PClfl)- 
(rccently <lcmonslr4iletl in solid ph^>sijhonis i>enlat hlr)ric]e), serni lo 
suggest that tw^'lve electrons can l>e acctjmnvKJaled tound tlie 
nuclei of these alums. While this ijUcHlion cannot I>e regaided as 
coinple.teiv .scuh'd, most <)piiiion favours the abandomnent of the 
octet principle for elements after lluorinc (see further, ]), 34>^) 
(‘ornpounds like ammonia with nnshared eh^ctrons aro very namei- 
ous, and a vast range of cOM>rdination coirnwmiuls is know'n in 
w'hich anions (e.g. Cl', SO***, NOg**, t'K*, clr,) and neutral 

molecules (e.g. NH,. lUO, CO, NO, Kc.) act as ‘ donor ' groups, that 
15 , supply one or nuire jmirs of electrons towards (he shell built up 
rouncl a central atom or ion. The best-known and perhaps most im¬ 
portant class has a central atom or cation <»f the metals of (he micl- 
portiun of the ' long * series in the ptiriodic system. It has become 
customary to symbolize a co-ordinate link by the sign —the arrow¬ 
head pointing away from the * donor' grouj) or ion. This convention 
is useful, provided it is not assumed to mean that a co-ordinate link 
differs in nature irom an ordinary' single bond, w'hcre the arrow-head 
w'ould not be used. 

The General Nature 0! Electroo Groups and Shells.—In order to 
realize fully tlie cuntribiition that modem thcojy can make to 
the interpretation of chemical valency, it is iieccs.sary to consider 
the n at u re and part ic ularl y the maxi mum, j )os s i ble e lect re )n ic 
content of atomic shells. Tlie theory' of quantum mechimics, 
devcloj-^cd since alniut 1927, now provides an orderly conspectus of 
atomic structure, and its pretlictions are found to be in complete 
harmony W'ith loiig-establishc'd facts brought to light by the study 
of atomic sp>ectra. For our purjKjses we shall define an atomic 
^roup as a set of electnms bound to the nucleus by forces of similar 
magnitude. This description (as will shortly appear) iliffers some- 
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what from the spectroscopic and quantum-mechanical classification, 
but in chemical changes it is principally the energy of electronic 
binding in atoms that determines how they combine. 
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In the above scheme an attempt has Ix^n made to include not 
only the spectroscopic terminology and cla-ssificulion. but also the 
energy separation of ihe various electronic chssos. The capital 
letters K, L, M,N, etc., designate shells of electrons whose behaviour 
IS assjjciatcd w'iih a given * qnantum«nuinlK*r,' i, 2, 3, 4, etr. 'J*he 
meaning of the term ' quantum-number ' is to be songhl in the 
equations of cjuanlum mechanics, and it is unnecessary to elaborate 
Its inteqnctation here. It will be seen that the total possible 
electronic content of <i shell with quantum-number n is an*, giving 
tlie numlHTs 2, 8, rS, 32, and so cm. The small letters s, p, d, f, 
designating sub-shells, are drawn Ironi sjxictroscopic tennmology, 
and are taken to indicate typc's of electronic orbit differing in 
angular momentum, as descrilH*d on p. 33O. 
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The numerals in parentheses after the small letters give the 
maximum numljcr of electrons allowed to adopt the type of motion 
concerned. It will be seen that these numbers follow the integral 
sequence 2(21+1). 

The difference m binding energy is largest between shells K and 
L, and steadily decreases in the order A'.. N.... To assess the 
order of magnitude of the energy difference between the K and L 
shells, we may note that if all the (is) electrons in a gram-alum of 
hydroi'en were to l>e transferred to the L shell an input of about 
250,000 calories would be needed. It is this enormous energy 
difference which confines hydrogen to univalent behaviour, ^r 
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while two electrons may be accommodated in the K shelly further 
electrons entering the atom as a consequence of higher covalency, 
must pass to the L shell, and no known terrestrial chemical reaction 
could supply 250,000 calories per atom combining. Owing to its 
minimal nuclear charge the energy difference Iwtween K and L 
shv.lh is less in hydrogen than in any other atom. 

In the K and L shells the shcU and the groufi (as defined alwve) 
coincide, for there is only a comparatively small difference in bind¬ 
ing energy between s and p ty|x*s in any shell. On the contrary, 
there is usually a large difference between s (or />) and d (or 
f), Eor this reason the sul>-shcll ^ falls not into (iroup 111 
but into Grouj) IV, while electrons in 4J and 4/ fall into Group V 
{not ct)mple(<‘ly shown in the diagram). This complication leads 
directly to the appearance in the Periodic System of its typical 
‘ long ' periods (filling of d orbits, see p. 772). and of the rare-enrtn 
elements in their assigned position (tilling of 4/ orbits, see p. 542), 
It will be convenient to remember that a filled electron group contains 
s and p electrons of quantum number equal to the group nunibei, 
and d (and /) electrons of quantum numl>cr one less than the group 
niimlKT; tn short, Group n contains two ns and six np electrons, 
with ten {n—i)d electrons: Group V als*> has fourteen 4/electrons. 
Electrons cannot adopt a p tyjw of orbit if the <|uan(um number is 
less than 2, nor d ov f types if it is less than 3 or 4 resjKJctivdy. 

The Valencies of ^e Elements Ne to A. - In neon 10) tlu. 
shells K and L (identical with Gi'uu|>s I and II) are completed, 
while in argon (/--iS) the third group is full, but the M shell still 
lacks its complement of ten 3d electrons, iiolwitlistaiidMig the 
inertness of argon. We might deduce from these facts that the 
valencies of the active intenncfliatc elements Na lo Cl would be 
governed by tlie same deficiencies in the .s and p classes alone, as 
certainly determine, the valencies of the sed of elements Li lo I*'. In 
short, \vc might assert an ‘ octet principle ' for the Fcii<Khc Series 3. 
as we do, in corapleic accoid with chemical facts, for Senes 2. We 
should then l>e conq*»elltxl to devise structures foi the cunqxanuls ol 
e.g. pliospliorus, sulphur, and chlorine, which sliowed no more 
than an octet of electrons associated with these atoms. For 
example, wc could write for ions of the type (XO|)'‘’ the structures 

000 

t t t 

o^s*--^o 0-^Cl->0 

; i i 

o (ro,)»- o (504)8- o (Cio,)- 

By the lavish use of * co-ordinate' linkages so exemplified it 
proved feasible to account theoretically for many of the compounds 
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concerned. With the accumulation of detailed knowledge of mole¬ 
cular structure drawn from the modern methods of X-ray and 
electron diffraction, however, it has become increasingly difficult, 
and not infrequently impossible, to justify such structures. The 
co-ordinate link is essentially a single bond, but the known dimen¬ 
sions of e.g. the sulphate ion appear to demand bonds between 
sulphur and oxygen at least as short xs double bonds. The striking 
fact, mentioned on p. 333, that the valencies of these elements 
advance to a maximum us wh<»lly oven <»r wholly odd numbers can 
hardly be fortuitous, ao<l is exactly predictable if we assume that the 
electrons occurring in pairs in the 3s and sets can 1)0 unpaired by 
spontaneous tnmsfercnce (or* promotion ') to vacant 3d orbits: each 
pair of electrons so scparateil must increase the valency by two 
units. 

Tlio indications arc that valency dcctnms in phosphorus, sulphur, 
and chlorine can utilize the 3J orbits, even though Ihesc belong (by 
energetics) to Group IV. The diJTiculty is to explain why a similar 
means of chemical activation ilocs not take place with argon. At 
present therefore we have a coiitradiclory state of affairs. The 
sequence of elements in the Periodic System is in harmony witli our 
classification into groups, while the detailed valencies of the elements 
appear to ie<iuiic us to ignore the energetic distinction hclwcen 
groups and shells. It is to lx* liopt*<l that further advances will 
succeed in resolving these difficulties. 

Some Examples of Co-ordination Compounds. —The electronic 
theory accounts successfully for the types of valency met with 
in co-ordinated compounds. In our discussion of complex ions 
(p. 201) we showed that from platinous chloride, PtCl^, ammonia, 
and jiutassiuTn chloride the ft blowing complex ions could be obtained: 

(Pt.^NHs) ' (Pt.3NH3.CI)’ (Pt.NH,.Cl3)' (PtCU)' 

as well as an unionized substance, Pt.2NH3.Clg. It is now clear 
that in these compounds the ammonia molecule replaces a chlorine 
ion by virtue of its donor properties. The electron structures 
of the unionized Pt.2NH3.CI3 and of (Pl.NH3.Cl3)' 
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A further proof of the covalent nature of the linkages in these 
comprjunds is afforded by the existence of isomerism. Thus 
IM.aNHg.Clj exists in two isomeric forms, which leads one to suppose 
that thu grouf>s are arranged not in a tetrahedron, as in the carbon 
coinjxiunds, since on this basis no isomerism would be possible, but 
in some less sjTnmetrical manner- in a plane. 



In tlic numerous compfmnds in which not four, but .six groups or 
atoms are connected by covaJenries or co-ordinate valencies with 
the central atom, an octohodral anangement obtains. Thus 
plalinjc chloride, PtCl^, forms with ammonia an unionized com¬ 
pound, Pt.aN 1 13.(14, which occurs in two forms to which wc may 
assign the strucltitcs: 



The student should assure himself by turning the diagrams round 
(i) that the structures really are different, and (2) that no others 
are possible. The elements of Croup VIII are particularly liablt^ 
to form such compounds, and the same applies to chromium. 

Inner Complex Sdts.—Most interesting examples of internal co¬ 
ordination in w’hat are called chdalc compountls have l^een much 
studied in recent years. In these com pounds a metallic atom 

CH.—'C-O O — C-CH, 

V \ / X ^ 

CH Be CH 

\ /" \ / 

CH,-C^O 0 ==C-CH, 

wliich might be expected to appear as an ion does not do so; the 
compounds are unionized, frequently volatile, and show every 
symptom of covalency. They contain rings in which the metallic 
atom is bound by co-ordination with one or more other atoms in 
the same molecule, and the property is therefore very readily 
exhibited by ^-diketones, such as acetylacetone, which contain 
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suitably placed oxygen atoms. Acctylacetone in the enoHc form 
is CH3.C{0H) tCH.CO.CHj, and the hydroxylic hydrogen atom is 
acidic and can be replac^*d by metals. Tlie diagram shows the 
structure of the beryllium derivative of acetvlucetonc, the arrows 
indicate a co-ordinate link in which an oxygon atom provides and 
the beryllium atom accepts a pair of electrons. The beryllium atom 
has its octet complete ;uid the compound is completely covalent. 
A similar explanation has been advanced of the complexes produced 
from metallic ions and hydroxylic organic substances—see, ft>r 
example, Fehliiig's solution (p. 461). 

Stereo-isomerism. —It has bam abumlantly proved that in favour¬ 
able circumstances the presence of these chelate groups may lead 
to store 0-1 corner ism. In the metallic anuniiics the slcreo-isomcric 




NC^ 



comprmnds which have been most investigated are those containing 
etiiylene diamine, NH2.('Hj.CH^.NIL, The amino group, —NH^, 
has the same donor pn>])erfus a.s ammonia, and for the same 
rejison; the molecule ot ethylene diamine is tlitTefore a donor at 
both ends and counts two towanis the co-ordination-number of 
any metallic atom with which it may be combined. Thus two 
optically active sails are known c<mtaimng llie complex cobaltic 
Mm [Co.2NH3.(N02)2.(NH2.C.*Hj.CHj.NIL) 1‘, and the stniciures as¬ 
signed to them are A and K; they are mirror-images. C, on the 
other hand, is an optically in.iclivr isomer, and the difference 
between C and either A or H is similar to the difference between 
the isonienc platinic comptjuiids just discussed. Students of 
organic chemistry will understand why A and B are called the 
cii*-isomers while C is a /rans-isumer. Werner also succeeded 
in preparing optically active salts containing no carbon atoms, 
thus (lisposing of the view that the presence of a carbon atom is 
necessary to optical activity The first compound of this type to be 
produced had the formula |Co(Co.4NH5.(OH)2)JHr3. The group 
Co. 4NH,.(OH)2, like ethylene diamine, counts two towards the 
co-ordinal ion-number of the central cobalt atom. 

The Conception of Mesomeriam.— If the formulae proposed 
•m 
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on \>. 340 and p. 337 for ozone and nitrate ion resi>ectively, 
namely: 

O 

!l 

\ and j< ^ 

o 0 /\ 

o- o- 


faithfully represented the structures of tlicse molecules, we must 
find that the ozone molecule has the sliajw of a scalene triangle, and 
nitrate ion that ol an isosceles triangle, for it is found that double 
bonds arc invariably shorter than the corresp<jn(liiu’ single bonds. 
It is however known that both the O. O links in ozone are equni in 
length, as arc all the N, O links in nitrate ion, the actual shape's tlius 
being an isosceles ajid an e(|uilateraJ triangle resj>e(:fively. 

In devising the original single formulae wo have evidently arbit¬ 
rarily sc loci ed certain oxygen atoms out of the total number in the 
molecule to participate in the double bonds. If such an arbitrary 
selection were not justified wc must |mij>ose no less than three 
structures for nitrate ion, and two for ozone, 


0 “ 

O- 



and It becomes clear that we have no ground lur preferring one of 
these fornuilae above the others; wc muj>t in fad accept them as 
whole. To a chemist with a classical xicwpcnnl this argument may 
well seem to be something like a verbal quibble, for it cannot be 
denied that the structures proposes! for each molecular spt^cies are, 
in fact, chemically identical. The principles of quantum mechanics, 
however, demand that we regard the atoms of oxyg<*n in each case 
as distinct entities, but deny that we can expect all the electrons in 
a given structure to be localized in particular chemical bonds. The 
quantum-mechanical view of ozone is that two of the total ut six 
' bonding * electrons serve to bind not two atoms but dll three 
together, while in nitrate ion two out of the total of eight bonding 
electrons bind the three atoms ot oxygen equ<diy to the central 
nitrogen. To approximate to these representations of the two 
molecules, and still retain chissicaJ bond-diagranui, we must imagine 
our diagrams in each case taken in ec^ua! parts and ‘ fused ‘ together, 
to give a single molecular structure. Equalization ol the bond 
lengths, rct^uired to obtain agreemeiu with exptfrimental data, 
follows at once. Moreover, the originally localized negative charges 
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become equally shared by more thao one oxygen atom in each 
molecule. It must be emphasized that such somewhat circuitous 
methods of arriving at a true representation of a molecule originate 
from our ^lersistence in employing the traditional bond-diagrams. 
If ozone and nitrate ion are treated ah initio from a quaiitum- 
mechanical standpoint, without a classical chemical prejudgment, 
the totally symmetrical structures would emerge quite naturally 
and directly. 

Although we have chosen to illustrate the phenomenon of meso- 
mensm by two very simple molecules, the reader will at once realize 
what a widespread use must inevitably be made of the notion, so 
long as chemists wish to retain classical bond-diagrams. A further 
aspect of the matter is illustrated by the example of nit rosy! chloride. 
Classically we might be content with the diagram 0 —N-^CI, which 
at least assigns the correct valencies to all the atoms. However, 
it is found that the distance between the centres of the nitrogen 
and o.xygcn atoms is too short, and that between nitrogen and 
chlorine loo long, to agree with this structure. Now we have rea.son 
to believe that the cation (N^0)+ is very stable (see p. 338), as is 
chlondc ion Cl". The ionic, salt-like molecule, (NOj+.CI", might well 
be as stable as the covalent tyi>e previously wriUeii, It becomes 
apparent that we ought to accept both structures, but not in the 
crude form of a tautomeric mixture, for the (gaseous) compound 
certainly has no actual J^lt-like propcTties. Again there must be 
an imaginary process of ‘ fusing ' the two bond-diagrams. This 
case differs from those first noticed, for no chemist would accept 
the two diagrams as representing identical structures. Quantum- 
mechanical principles teach that nicsomerism must be assumed 
(a) when the interatomic distances in the bond-diagrams are equal 
or at most slightly different, i.e. when the * nuclt-ar skeletons ' of 
the diagrams are nearly alike, (d) when in addition to the condition 
la) the diagrams represent structures, which, if they separately 
existed, would have nearly equal stability, i.e. nearly equal energies 
of formation. 

The term ' mesomensm,' by which we have described a matter of 
the most fundamental importance in chemistry, has unfortunately 
not gained the currency in chemical literature that it deserves. 
Most authors still appear to prefer the term * resonance,' which, if 
employed (as it commonly is) away from its strictly quantum- 
mechanical context, is a wholly misleading description. It can 
liardly fait to give the impression that there is some actual vibra¬ 
tional relationship between the various bond-diagram.s, concerned 
in the so-called ‘ resonance hybrid,* which is the result of what we 
have called ' fusion.' No such relationship exists. It must be 
clearly understood that the real phenomenon we are concerned with is 
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not at ail the possibility of more than one bond-diagram (which is 
an accidental consequence ol the way in which chemical thought 
has developed)^ but the partiapation of some at least of the bonding 
elcclnins in molecules in all the bonds of the molecule. A further 
consequence oi mesomcrism is that the stability of the single 
structure deduced as a true representation of a molecule is greater 
tluin tljal predictable for any of the fused structures: and the 
larger I lie iiumlx^r of structures that can legitimately written and 
then fused, the greater is the gain of stability. This import<int 
effect may bo invoked to explain what Jiad long puzzled chemists, 
why uilric oxide, NO, dixs not spontaneously polynlc^^c to NjOg. 
The latter lormula was to be ex]H‘ctc<l on puielv chemical grounds, 
for it would assign correct valencies to the two atoms. Wo n>ay 
distribute the ]i available electrons m two ways, (a) and (^): 


(rt) (h) 

and the fused form would be more stable than cither (j) or (b). It 
IS, in fact, so stable that (he reaction 

2NO-^N,0, 

becomes endothermic. 

It will be clear that the principle of mesomerism often relieves us 
of the old problem of decision l>etw(H‘ii M*vcral classical formulae. 
We are not only allowed, but com pc’ lied, to accept all possildo 
formulae that comply with the esscjitlal conditions men tit • nod above. 
In this connection we may refer again to carbon nionoxicle, to 
which, on scmi-classical grounds, we assigned the single formula, 
{p. 33q). Tlic principle of me.s(jmerism directs us to give 
consideration also toallemative formulae, .such as those represented 
by the electron assignments (c) and {d) below: 





• » 
0 


Both of these formulae would be clas.sically written asC=- 0 . The 
true representation of carbon monoxide is a fusion of at least all 
the,:;e types, but at present wc cannot decide with certainly what 
' weight * in the ' fusion mixture ' should be given to the individual 
(and hypoihelical) structures. The classical bond-diagrams are 
proving too crude to represent the subtleties and complexities of 
chemical combination, especially as they necessarily miply that 
bonding electrons are all apportioned to linking only pairs ol 
atoms. 
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CHAPTER XM 

HYDROr.EN AND OXYGEN 
Hydhocv.s 

H = l*oo8o. Aiomk Nuutlnr. i 

History. The recognition of hydrogen iL'i a di^itinct species of 
niat(er ('inflammable air') is due to Cavknuish, who in 1766 
obtained it by the solution of metals, e.g. zinc and iron, in dilute 
sulphuric and hydnKhloric acids. It was Oivciulisli also who 
showed it to be a constituent of water (1781-4), a fact in virtue ol 
winch Lavoisier gave it the name hydrogen, or ' water-producer.' 

Hydrogen is in inanv wavs unique among the elements. Not 
only is it the lightest ot all substances, but it has the lowest atomic 
number and atomic weight ol any element. Its atom consists of 
a single proton accompanied by a single electron, and it is assigned 
to no group ol the pcruxlic table. The hydrogen ion. which in the 
unsoivated form consists ol a single proton, is one of the ions of 
water, is tlie essential constituent of aquo-aculs, and plays a part of 
extreme importance in the chemistry of solutions. 

Occurrence.—Hydrogen is one of the most abundant of elcmmits, 
if the number of atoms is made the ba.sis of the calculation, being 
preceded only by oxygen and perhaps by silicon, but its atomic 
weight is so small that on a weight basis it takes a much lower 
pla(x ill tlie list of relative abniuhincc. Nearly all the hydrogen 
in tlic world is in the form of water. Some free hydrogen occurs 
in certain natural gasas. and hydrogen is an essential constituent 
of living matter. Little remains in the air, for the high molecular 
speed enables it to escape from the earth s gravitational field. 

Preparation of Hydi^en.—Nearly all the commercial methods 
for preparing hydrogen start from water; some hydrogen, however, 
is isolated from coke-oven gases. 

1. Water-gas Process ,—The pieparation ot hydrogen trom water- 
gas by the Bosch process is described in the section on synthetic 
ammonia (p. 388), and Is carried out on an immense scale in most 
countries possessing a chemical industry. Liquefaction technique 
has made such advances in recent years that in large installations 
of the future it may be decided to free the hydrogen from the 
accompanying gases by liquefying them. 

2. Coke-oven Gas. —Coke-oven gas contains about 50 per cent ot 

3 SO 
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hydrogen. The carbon dioxide and hydrogen sulphide can be 
removed chemicaUy» and the gas is then compre.K.scd to ten atmo¬ 
spheres, a pressure at which the volatile hydrocarbojis arc liquefied. 
The liquid is a valuable source ol ethylene. The uncoil den sed gas 
consists of hydrogen with a little carl>on monoxide, from wliich it 
can. if necessary. l)e freed by passing it through liquid nitroiicn. 

3. Liljenrolh Process .—In this process a mixture of phosphorus 
vapour and steam is passed over a catalyst : 

2p+«H,0*2ll,r(>4+5lL. 

The phosphoric acid is combmcil wiih synthetic ammonia to make 
ammonia phosphate, us(*d tn Icrtilizers- This poKess was worked in 
Germany before the war ol iqjq-^5. 

4. Electrolysis .—The electrolysis ol water, usiiully acidified with 
a little sulphuric acid, yields a very pure gas if the electrodes are 
6e[)arated by a diaphragm and care is taken to see that no mixing 
takes place. If the hydrogen is rcipiired under pressure, it is found 
to be* more economical of power to generate it directly under pressure 
by electrolysis than to generate it under atmospheric pressure and 
to compress it altcrwards. The electrolytic process Is worked at 
several factories where ammonia is synthesized by the Chiude 
process. Half the volume of oxygen is produced at the same time. 
Some of this can with advantage lx* used instead of air for the 
oxidation of ammonia to nitric acid, but oxygen is very largely a 
drug on the market and most of it is allowed escape into the air. 

Cheap electric power is essential to the process, but in the ncigli- 
bourhood of abundant water-power it am compete successfully 
with the Hosch process, immense quantities of hydrogen are 
produced during the manufacture ol caustic soda by electrolysis. 
Some IS used for the manufacture ol hydrogen clilorklc, but most 
of it is run to waste, since the ga.s cannot l>e liquehed without 
great diihculty, and this makes economical transjKirt impossible. 
In certain parts of Germany» however, a system of pipe-lines was 
developed in which hydrogen could be transmitted at high pres¬ 
sure from the centres of pr^uction to the factories where it was to 
be used. 

5. Reduction of Steam with Iron .—When iron is heated in steam, 
triferric tetroxide and hydrogen are produced: 

3Fe+4H*0=:: Fe,04+4H4. 

The iron can then be regenerated by producer-gas or any other 
reducing gas. 'fliis process was formerly of importance, but is 
now used only in territories where fuel is scarce and power unusually 
expensive. 

It will be seen that tlie manufacture of hydrogen has benefited 
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as much as any industry by modem applications of low-temperature 
and high-pressure technique. Besides the vast quantities used in 
fhe synthetic ammonia industry, production is absorbed in the 
manufacture of methyl alcohol and other synthetic organic 
chemicals (p. 571), in the hydrogenation of coaJ, and in the harden¬ 
ing of oils and fats (p. 802). Small quantities are used in the manu¬ 
facture of hydrogen chloride, the oxy-hj'drogen and atomic hydrogen 
blowpipes, and in filling balloons. 

Laboratory Preparation. —In the laboratory hydrogen can be 
obtained from a cylinder or prepared by the action of dilute acids 
on metals. Zinc is the metal most commonly used for the purpose 
as, unless very pure, it dissolves readily in dilute sulphuric or 
liy<lroclil(»ric acid. The .action can be accelerated by the addition 
of a small (puintity of a cop|Kr suit, which deposits copper on the 
zinc and forms a ' couple.* Kipp's apparatus or some similar 
device may be used. Tlie gas is wash^ with water and dried 
with concentrated sulphuric acid, but it is not very pure, and 
cannot easily be freed from traces of air. 

Fairly pure hydrogen can be obtained from zinc and sulphunc acid 
by washing the gas with alkaline |)ermanganatc solution, followed by 
caustic potash and drying agents. In this way oxi<les of sulphur, 
cai bon, and nitrogen and liydridesoi carbon, phosphorus, and arsenic 
can be leinuved, but a little air renin ms. The purest hydrogen is 
obtainetl bv elect roly sis. Carbonates are very undesirable impunlies 
in the electrolyte, bt'cause carbon dioxide, which is soluble in water, 
might diffuse from the anode to the cathode and contaminate the 
hydrogen. A solution of baryta is tlierefore used, barium carbonate 
being insf)iublc in water. Hack-diffusion of oxygen is minimized 
by the use of an apparatus of the familiar U-tube tyj)e, and if the 
apparatus is evacuated before electrolysis begun, the only impuri¬ 
ties in the hydrogen evolved are waler-vajxiur and a little back- 
diffused i)xygen. The lattei is removed by passint* the gas over 
asbestos on which palladium has bet:n deposited (compare platinized 
asbestos). This lends to the formation of water, and the hy<lrngon is 
dried first with caustic potash and then with phosphorus pentoxide. 

Hydiogen is also produced bv the action ol powerful reducing 
agents, such as the alkali-metals or chromous com{X3unds, on water, 
or by the action of certain elements, such as zinc, aluminium, or 
silicon, on caustic alkalis, but these methods aie not often employed. 

Properti^.—Hydrogen is a colourless gas with no taste or smell. 
It boils at —253"^ and can be condensed to a colourless solid at 
—259®. Hydrogen is the lightest of known substances, having 
a density of only 8*985x10“* gm. per c.c. at standard temj^rature 
and piessure. This correspond?^ with a diatomic molecule. At 
the boiling-point, the liquid has the very low density of 0*0711 gm. 
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per C.C, Hydrogen is only very slightly soluble in water (about 
18 c.c. per litre at 12°), and forms no hydrates. On account of its 
low m^ilccular weight, it diffuses very rapiilly and can pass through 
sucli semi-porous materials as rork or rubber, a fact wliich it is 
often noce.ssary to bear in mind m the laboratorv. The large 
volumes of hydrogen which Ciin Im‘ occluded by piilladium are the 
stihiecl of S4'parate discus.sion (p. 811), but many other metals 
show this effect on a smaller scale, and at liigh lcin|>oratures many 
metals, iron among them, bcH'ome jK^rmcable to the gas. 

Allotropy 0/ It aui Ihj shown by calculations based 

on wavc-tnccUaiucs that hydrogen should U‘ capable <it existence 
in two allot Topic hirms, differing in unclear spin. This view was 
conlinned in 1^J29, when by fractional adsorption on charcoal under 
pressure in liquid air, hydrogen was separates 1 into its allotropes. 
Tliesc are called ortho- and ^*/rri-hydiogcn. and ordinary hydrogen 
is a mixture of the two in eciuilibrium. containing, at ordinary 
tempcraUirt^s, jnst 75 p(T cent of the ortho-variety. There is a 
slight evolution of hiMt when the ortho- is convcrti^d to the para- 
varielv» and tlic equilibrium projxirtion of the latter is conse<iuently 
favoured by low teinf)eratures. At liquid air temperatures ihe 
pata-fonn predominates, and can be preparetl nearly pure from 
ordinary hydrogen by a<lsorption at this temperature on charcoal, 
a method which avoids the extreme slowness with which equifibriuin 
IS reached iu the gas phase*. Even at room tcmi)cralui*e para- 
hydrogen, prepared in this way, is stable for nearly a week when 
confined in glass vessels, though such catalysts as charrc^al or 
platinum cau.'^e a verv rapid reversion to the e<iuilibriutn mixture. 
At high temperatures the conversion takes place as a hoinogenou.s 
gas reaction of order i*5. It is supposed that the para-hydrogen 
molecules arc convertetl by collision with hydrt^cn atoms produced 
in (he ordinary way bv thermal dissociation: 

II +-H ^ (para ortho). 

The two forms of hydrogen show small but perceptible differences 
ui physical properties. Ortho-hydrogen has not been obtained 
pure, as present methods allow the isolation only of the variety 
more stable at low temperatures, but the melting-point of para- 
hydnigen is 13*88® Abs., compared with I3’q2® Abs. for the ordinary 
lorm, and there is also some difference in the boiling-pnint, since 
at 20*39^ Abs., the boiling-point of ordinary hydrogen, the vapour 
pressure of para-hydrogen is 787 mm. The specific h<'ais are also 
slightly different, and the conversion of one form to the other is 
usually followed by measuring the resistance of a hot wire in the 
gas {p, qq). 

Active HWrOjgtfn.—The dissociation of hydrogen into free atoms. 
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negligible at ordinary temperatures, occurs freely at very high 
tem])eraturos, sxjch as can be attained with the electric arc. Tlie 
recombination of hydrogen atoms gives out much heat, 

103400 cal. (cf, 2H,-f02—2H20 +ii(k)oo cal.), a fact used in the 
atcimic iiydrogcn blowpipe. A stream of liydrogcn is partially 
dissociated into atoms by passage through an arc struck Ix'tweon 
tungsten electrodes, and when directed on to the surface of a metah 
the latter strongly catalyzes recombination, and may easily be fuserl 
by tile heat lil>erated. Welding in a reducing atmosphere may thus 
be efloLlt'cb 

A more (ouvcnicnl method of producing atomic hydrogen is to 
submit !iydr<igeri at normtU tein|H:ndurc tind low pressure to the 
action <if high tension (hM*li;u^e lit an appropriately constructed 
di>rharge'lube: i*w z cm. in diameter and al»ut 2 metres long is 
suiliible. I'lie atomization is facilitntiHl by the presence of water 
vajHiiir {or oxygen). As might lKM*x|Xvt<‘d, the atomic hv<lrogcn 
fornietl a pt>werfnl reducing agent. The oxides and cltloridcs of 
copper, mercury, lead, and hisnmth arc reduced to metal rapullv at 
room temperature. Phosplionis penloxide yields phosphine, ami 
ethylene, ethane. The alkali-inelals are converted into their hy- 
<lrides in a strongly exothermic reaction, and hydrides arc produced 
tvojn elementary sniphui, phosphorus, «irsouic, and antimony: ev<m 
bismuth yiehls li'^hydiuh* in traces. 

As an example of tli** activity ul onlinury hydrogen, it may be 
mentiimed that when iiialer jiressurc it will precipitate lead from 
lead nitrate solutions at 250^' and upwards. 

Hydrides. At tmlinary leuii>cratiin*s. however, hydrogen shows 
litll(' chemical activity, and among tlic elements only lluorine, 
thlorhie, an<l bn^miiic will conibim* with it in the cold and in the 
absence of a c.atalvst, while with chlorine and l)rominc Die action 


of light is necessary. The binary compounds of hydrogen aic 
called hydnilci», but the tmn is not usually applied to such com¬ 
pounds with non-metals ns llCl, liydrogcn chloride, or HgS. 
Jiydrogeii sulphide. The whole group of hydrides falls into three 
divisions which correspond at the same time with the properties 
of the compounds and with the position of the second element in 
the periodic table. 

I. Klcments on the right-band .side of the table, in eluding all 
the non-metals {except tlic inert gasc's) as well as a few metals, 
form covalent hydrides. Those dr* volatile colourless compounds, 
nearly all gaseous at room tcroj^erature. If we exclude the heavier 
liydrocarbons, the least volatile of them is pnibably wat<'r. The 
formula of these compi>unds is v'here v is the group valency 

of the element R, but thea* arc cxcx'ptions to tliis rule, sucli as; the 
hvdrides of boron or carbtm, in which the molecule contains more 
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than one atom of R. In any group the stability of the hydrides 
decreases ^vith increasing atomic nun»bcr. 

2. The alkali-inctals and the alkalino-earth metals furm electro- 
valent hydrides; these are colourless substances solid at room tem¬ 
perature. Tlieir electro valent character is attested by their low 
volatility, their behaviour on electrolysis, and their ionic crystal 
lattice. Thus lithium hydride has the smhuni chloride crystal 
structure, and when fused and electrolysed gives hydrogen at the 
anode. 'Fhe general formula is MH^, where v is the group valency 
of the metal M. 

3. Of the remaining elements many form no hydride, others 
form solid comi)ounds of alloy type in which the valency relations, 
and even the composition itself, arc sometimes not at all clear, 
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Preparalion of (he Hydrides ,—The principal methods arc as follows ’ 

1. Direct combination. Tliis .seldom takes place unless a cata¬ 
lyst is present, but fluorine will combine with hydrogtjn even at 
very low tem\>eratures. Heating is often sufficient—e.g. sulphur, 
iodine, or the alkali-metals—or the action of a catalyst under 
favourable conditions in the cold—e.g. oxygen or nitrogen. Certain 
elements, such as arsenic, will combine with ' nascent ' hydrogen, 
that is, with hydrogen in the course of production in the same 
reaction mixture, and the unstable hydrides of tellurium or lead 
can be prepared by electrolysis of a<]ueous solutions with cathodes 
made from these metals. Other elements, such as carbon, will 
combine with hydrogen under the influence of the electric spark. 

2. Many ot the more volatile hydrides can be prepared by mutual 
replacement, e.g. hydrogen chloride from sodium chloride and sul¬ 
phuric acid or phosphoric acid. 

3. Certain hydrides, many of them difficult to prepare in other 
ways, can be obtained by the action of dilute acids on binary 
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compouiuls between the element concerned and magnesium» 
calcium, or aluminium. The hydrides of silicon, for example, 
are made from dilute hydrochloric acid and magnesium silicide. 

The more important hydride's other than water are discussed in 
connection with the second element. 

Hydrogen as a Redocing Agent— At high temperatures hydrogen 
IS a Viduablc reducing agent, but at ordinary temperatures its 
chemical inertness prevents much use Ixiing made of it. The 
displacement of hydrogen from dilutions by the less electropositive 
metals is a reversible process, but it is usually very difficult to 
demonstrate the back-reaction, which in the absence of a catalyst 
lakes place extremely slowly. Platinum is one of the best 
catalysts, and the hydrogen electrode, made of platinum covered 
with platinum black (|>. 250), depends on the reversibility of the 
change: H8^2 e)ectrons+2H*. In the presence of platinum black 
gaseous hydrogen at normal pressure will reduce solutions of 
chlorates, cupric and silver salts. The reducing power of hydrogen 
appears to be greatly enhanced by the prc'sonco of metals. At 
ordinary tcmjXTature hydrogen released in acid s<jlution by zinc or 
m«agnc>inm rcdtices arstmic a>m})oun<is to arsine; nitrates are easily 
reduced to ajnin<iiiia by hydrogen rclca.sed in alkaline solution by 
alutnininm, and olecliolytic reduction at c<itho<les of nifrcury and 
lead is much used. At ^glitly higher temperatures in the presence, 
for example, of nickel, ethylene is reduced to ethane, and carbon 
monoxide to methane. The detailed mechanism is still somewhat 
roiitrovorhial, but it is agreed that the cffcH:tivc reducing agency is the 
tempfjrary binding of hydrogen atoms to the metal surface, and that 
metals show specific powers in so bolding hydrogen. 

Deuterium.—In 1919 StiiRN and Vollmru searched for a heavy 
isotope of hydrogen by a diffusion process. They failed because 
they used hydrogen ])rej>arcd by dcctrolysis, which, as is now 
known, contains very little of the lieaw isotope. Indeed, until 
1929 the existence of any such isolo}>e st'cmed unlikely, since the 
atomic weight of hydrogen agreed closely w'ith the mass of the proton 
determined with the mass-spectrograph. The discovery of the 
heavy isoloiies of oxygen introduced a discrqwncy into this agree¬ 
ment, and late in 1931 the existence of a hydrogen isolojK* of mass 
number 2 was announccil in America by Unriv, Bkickweddk, and 
Murphy, who obtained it by the fractional evaporation of liquid 
hydrogen. They called it deuterium (symlxil D). In the following 
year Washburn and IJkky effected a partial separation of ' heavy 
water/ or deuterium oxide, DX), by electrolysing ordinary water, 
in which it occurs in very small proportion; the ordinary w^atcr is 
decomposed more rapidly than the heavy water. 

Hydrogen is distinguished from all other elements by the ease 
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with which its isotopes can be separated, a consequence of the 
great relative difference in mass number. Ordinary liydrogen and 
ordinary water are believed to contain one atom of D in about 
5,000 of H, and no segregation of isotopes has been detected in 
ditferent natural waters. Fractional electrolysis of water is used 
as a rnethcKl of concentration, ajid instead of ordinary water the 
electiolyte from commercial cells used in making oxygen and 
hydrogen may bi' used with advantage, as it already cfuUains a 
concentration of D^O above the n<»rinal. From 20 litres of such 
water (sp. gr, i*oo<K)34) G. N. Lhwis and M.mdonaU) obtained as 
residue 012 c.c. (onluming over j>cr cent lyL This water has 

n sp. gi. of I•1056. MixihI with ordinary water it may also be marie 
by fractirmal distillation of water, jmderably at reduced pnssure, 
or by acting on dilute acids with iron or zinc, when the liydrogen 
in the residue rt^laius an increased c<mcentration of D. ThermsU 
di(lti.sion of hydrogen also leads, as would Ik* <‘xpectc(l, to separalir.)ii 
of the isofojx's, and so cIck*.s frictional absorplion. Tlie atomic 
weights of the two isotojKS, in leniis of the isotojx*. are 1*008123 
and 2*01471, 

Fure deuterium o.\ide frtrzcs at H 3*K‘ and Iwils at 101*42' . 
The vapour pressure is *87 j>er cent of that of «»ulinary water at 20 
and 05 per cent at lor)^; henc<‘ the ail vantage of distillation M low 
pressure when altempling the separation. Like ordinary water, 
heavy water has a lem|H*raturc of maximum density, but it is ii*i)^ 
instead of 4^. 'I'his indicatc*s a greater ' degree of assoeialion ' in 
heavy water, as also d<i the lower voLitility, the higher heal <if 
va|n»riz:ition, and the much greoter viscosity {2<S ]K.*r cent over that 
of r)rdmary water al TO*^). The deuterium ion has a much n'duci*d 
mobility, for which the increastxl visa^sity of the medium is jiartly 
responsible. The solubility of many salts in heavy water is less 
than in ordinary water, thoi^h others are more soluble. The 
refractive index of heavy water is different from that of ordinary 
W'aler, and this property, Uigelhcr with the density, is commonly 
used in determining the proportion of hea\y liydr<»gen in a sample. 
Hea\‘>' water is very hygroscojne. It is believed not to support the 
life of higher orgiinisms, for tobacco seeds die when placed in it, 
and the same has bet‘ii said of tadpoles, worms, and lish. 

Ammonia containing qq per cent hea\y hydrogen has been pre- 
])ared from magnesium nitride and heavy water. Its freezing- 
point i.s 1*3® higher and its boiling-point 2*2® higher than that of 
ordnuiry ammonia, while the heat of vajxirUation is 193 calories 
per mole greater (compare heavy water). It smells like ordinary 
ammonia. Many organic compounds are known in which deu¬ 
terium ha.s been substituted for hydrogen. They do not differ 
markedly from the hydrogen compounds. 
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The Valency of Hydrogen.—A number t)f compounds is now known 
in which we arc com|>elled, on experimental grounds, to assume 
that a pair of atoms from the group nitrogen, oxygen, and fluorine 
is brought, by the agency of hydrogen, into a close contiguity, or 
into a structural relationshi]>, only cooij>rehei»sible if in some way 
hydrogen exerts a bonding action betwee^n the pair of atoms. As 
examples may l^e quo1e<l: 

(1) Tlio ion HhV, wliich must be formulated (F.H.F)'. 

(2) J^lirs of oxygen atoms in cr\*stals of KILFO^ and of NaHCO^ 
arc abnormally close together. 

(3) rhe crysl.il structure of ammoniuTU fluoride, NH4F, in which 
nitrogeji atoms arc found with only four fluorine neighbours, 
instead of the eight to l)e e\jKcte<i if the structure were similar 

\ that of other amm<ininm halides (p. 

(4) The constitution of ice and water, discussed on p. J03. 

{5) The dimeric fonns of the lower fatty acids, such a> fc^rniic and 
a(*elic aculs, have recently Ih'cii i)rove(l (by the method of 
electron diffract ion) to have the structure 

-Ov 

K.Cf >(\R 

\0-II-O*' 

As explained on p. 347 hydrogen is debarred from exerting a 
normal bivalency, since in no case could the atom accommodate 
inure than tw'o electrons. The must probable explanation of the 
bunding effects exemplified alxive is one based on two unique 
projx'rties of hydrogen: {a) The proton is unprotected by non- 
valency electrons, (6) the small radius ol the (combined) hydrogen 
atom (approxiinatciy 0*3 Angstrom units). Both ihtsi^ prupcrlie.s 
would enhance a purely electrostatic attraction between hydrogen 
and the atoms it links together. It is no doubt significant that the 
' hydrogen bridge * has only bet^n obs^erved Ixdween highly electro¬ 
negative atoms. In the case of HF/ it may well be a.ssumed that 
the structure is purely ionic, and to be formulated as F‘.H*.1*“ 
Such a view is strcmgly supported by the observation that in 
different hydrofluorides (e.g. of sodium, jxitassium, and ammonium) 
the distance between the fluorine atoms varies, and is thus affected 
by nature of the cation present. Such an effect would be expected 
if the binding in the anion were ionic. The best-known examples 
of hydrogen bridges between oxygen atoms may be regarded as 
originating cither in the interaction of two hydroxyl groups (or 
ions) as in ice, or in the interaction of a hydroxyl group with doubly- 
bound oxygen, as in the fatty acids. It is almost certain that in 
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these examples the linking hydrogen atom remains closely asso¬ 
ciated with llie oxygen atom to which it would L>e solely attached 
in the mononieric molecule, Le. it does not assume a position equidis¬ 
tant from each l>ound oxygen atom. In such examples, therefore, 
we must invoke dipole forces rather than simple ionic attractions. 


Watfk 

Water, Hydrogen Oxide, Hydrogen Hydroxide, H^O, is the most 
abundant ol all coinjKmiMls, though the preparation of pure water 
is a matter of great difficulty. Tins arises from two causes: first, 
that water dissolves traces of impurity from most of the materials 
commonly employed for containing vessels; second, that water 
contains dissolved gases verv difficult to remove. The first diffi¬ 
culty can be overcome by the use of wcll-steamcd-out vessels of 
hard ghiss, or, l>ctter, of block tin or platinum or fused silica; but 
the second is more serious, For conductivity work the puiost 
water is required—the so^alled * amdnelivity-water ’—and the 
presence of carbon dioxide or ammonia, which c<uiim(nily occur in 
ordinary distilled water, is very undesirable, as solutions of these 
gases are conductors of electricity. A preliminary distillation 
from sodium hydrogen sulphate, to retain ammonia, followed bv 
a second distillation from alkaline ])ermangana(e, to oxidijte organic 
impunlies and retain carbon dioxide, gives fairly good water, but 
a more laborious process is needed to secure the best results: this 
usually consists of fractional condensation of steam or removal 
of dissolved gases from water in a current of pure air. or a combina¬ 
tion of both; see also p. 144. During these operations the water 
must be rigorously protected from the atmosphere. 

Water is a liquid wiih a faint blue colour that is apparent 
only when a considerable thickness is viewed. It has no taste or 
smell. The fieezing- and boiling-points of water under standard 
pressure are taken as the fixed points ol the Centigrade thermo¬ 
metric .scale, and are denoted by o® and 100® re5t>cctively. The 
solid form, ice, has also a faint blue colour. Since the density ol 
ice, 0*917 gm. per c.c. at 0®, is much lower than that ol water, the 
freezing-point of water is lowered by the application of pressure, 
but Briogman and others have found that at great pressures 
several different forms of ice denser than water are produced. 
I here is no doubt that water, no less than ice, must be considered 
as highly pol3unerized or macromolecular; this problem has been 
discussed in connection with the association of liquids (p. 102). 
The cunent explanation of the anomalous co-efficient of expansion 
of water is given on p. 103. The gaseous form of water, called 
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water-vapour or steam, is colourless. Its density at 100'' and 
atmospheric pressure is rather higher Ilian corresponds with the 
simple formula HjO. If it be assumed that the polymerized 
molecules have the formula (HgO)*, then m steam at 100® these 
amount to about g per cent of the total number of molecules. 
The dissociation of steam into oxygen and hydrogen on heating is 
extremely slight, and amounts only to 4 per cent at 2500®: while 
at all temperatures up to 1000® or over it is imperceptible. 

Water in the pure stale is a very poor conductor of electncitv. 
and is very weakly ionized. The ionic product (H’J [OH'J. deter¬ 
mined by the methods discussed in Chapter VI, p. iqi, ts only 
at 25®. and if any further dissociation of the hydroxyl 
ion takes place (OH'^H’+O*) it is too feeble to be delected. The 
chemical importance of water is due to its abundance and its solvent 
powers, which have made it the standard substance lor our defini* 
tions of aculity and alkalinity, derniitions which have had a great 
influence on chemical theory. 

The oxidation of water pro<tucfts oxygen (e.g. chlorine), or more 
rarely ozone (e.g. fluorine) or hydrogen (>eroxidc (€.g. .steam in the 
hydrogen flame). The reduction ol water yields hydrogen. If we 
cxchnle the formation ol additive comtKiuads. the remaining re¬ 
actions ol water can be classilied a*- Certain as})ects of 

hydrolysis have t>een discussed in Chapter VI. p. 203. The nature ot 
the products de|K*nds chiefly on whether the water acts as a donor 01 
an accepl(;r (p. 34O), and the extent of the process depends on the 
tendeiicy to icmlzation ol the pHnlucls and on their volatility. 
Thus, to compare a weak acid with a strong one, acetates are 
more subject to hydrolysis than chlorides, and to compare 
two strong acid^. sulphates are less easily hydrolysed than 
chlorides, 

Additive compounds between water and other substances. Irom 
which the water can easily be recovered unchanged, as for instance 
by reducing the pressure, are called hydrates, a name wluch should 
not be applied to the totally dissimilar class of substances the 
hydroxides. Hy<lrates are often tonned by co-ordination of the 
water-molecule, which may act eilher as donor or acceptor, with 
other atoms or ions. It is very probable that the tendency of 
water to combine with solute ions is an important cause of the high 
ionizing power ot water as a solvent. 

The very important catalytic properties of water are disctissed 
elsewhere (p. 215). 

Natural Waters. —The most un|)ortant natural waters are sea¬ 
water, rain-water, spring-water, and river-water. The total solid 
content of sea-water vanes very much in different parts of the world. 
The Baltic Sea, which is fed by many rivers and where there is 
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little evaporation, contains some o*5 per cent, the Atlantic about 
3 per cent or 4 per cent, and the Dead Sea (really a lake) up to 
25 per cent. The salts derived from ficean-watcr are largely 
sodium chloride, with smaller proi>ortions of magJiesium, calcium, 
and p<»tassium salts, and of sulphates. Rain-water is the purest 
of natural waters, and brsicics dissolved oxygen, nilro^’cn, and 
carb<‘U dioxide may ouUaiu only nitric acid or ammonium nitrate 
in small traces produced by fixation of atmospheric nitrogen in 
ihumlerstorms. In the neighN>111 hood of the sea rain-water 
usually contains salt, and in industrial are<is much dust and some 
sulphuric acid from the combustion of coal. In spring-water, a 
large variety of substances may be found in different localities. 
Modicinal proj>erties are often altribute<) to waters with a noticeable 
solute content. River-water is derived partly from rain and partly 
from springs, and is usually nearly pure unless contaminated by 
tlie discharge ol sewage or factory waste, 

For drinking-water the bacteriological analysis is at least as 
important as tlic sail content; btit the presence of ammonia, 
whether free or combined, is always regar<lcd with suspicion, for 
this substance is one of the products of the decomposition of 
animal matter. 

Hardness of Water. --Spring-water usually contains in solution 
bicarbonates, chlorides, and suljthates of calcium and magnesium. 
These salts give the water pro|>erlias, described as ‘ hardness,’ 
which arc inconvenient if the water is to be usetl (or certain purp<)ses. 
Hard water, for exain|>lc. leaves a residue, or ' scale,’ when 
evaporated in Iwilers, and when treated with soap precipitates a 
‘ soap * of calcium or magnc.sium which is insoluble in water aiul 
therefore has no lathering piopcrtics. The hardness ul water is 
usually measured by observing the volume of a standard soap 
solution needed to produce a permanent lather in it. 

The bicarbonates are decomposed by ixuling. which piecipitatcs the 

2H(:0,'=H50-(-C0, t +C0/ 

insoluble normal carbonates of calaum and magnesium, and leaves 
the water free from this cause of hardness, wliich is therefore 
described as ‘ tcmporaiy.' Tlie same change can be brouglit 
about by making the solution alkaline with lime: 

lICOj-4 OH'=--CO/+H,0. 

The ' permanent ’ hardness, due lo chlorides and sulphates, can 
he removed by the addition of sodium carbonate, w'hicb precipitates 
the carbonates of calcium and magnesium, or by the use of a 
permutite filter (p. 540). So<1ium salts in small concentration do 
not seriously affect the lathering iwwer of soap. 
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OXVGEN 

O~i6 oooo [standard]. Atomic Number, S 

History.- The principal fads of tlie history of oxygen were 
fliscussed in the Historical lutiridnction (pp. 27-38). 

Atomic Weight Standard.— The atomic mimlx'r of oxygen is 8. 
Its atomic weight is taken to be exactly 16, and is used as the 
standard for the atomic weights of other elements. If the atomic 
woiglit of hydrogen, were taken as exactly i, tlic .atomic 

weight of oxygen wotild be 15*873. It has rerontlv been dis¬ 
covered that conlauis very small (juanlitios ol isot(>|x's of 

ajotnic wc'iglit 17 and iS. H will l>‘ notu*od that if all tlu^ isotope? 
ol oxygen had integral atomic weigfils on iljc basis ot JT-s-i, the 
alonuc weigl^i of oxygen would be slighlly more Ilian 16, instead 
of slightly le'-si the deviation <il the atomic weight of liydrogcn 
from unity when O ib is 1u lx* <xplained, not by the exi&icnce 
of isotopes of oxVgen, but bv the iluniry (»f relarivilv <p. 327). 

Occurrence. " Oxygen is the ukM ai>undanl of all the element 
and is said to compose, by weight, a Unit «me-ha If of the cnist of 
the earth, including the sca and the atmosphere. Water contains 
8<) per cent by weight of oxt'gen, and air 23 jie? cent. TogMlior 
with carbon, hvdrogcii, and nitrogen, oxygen is an essential con¬ 
stituent of living matter. 

Preparation. -Oxygen is prepared on a lat^e scale by the frac¬ 
tional ev’a]»oration of licjind air, this pr<»cess having taken the place 
of the old barium j^oroxide process. Immense (juanrities of oxygen 
are j>roduced during the electrolysis of aqueous solutions, whether 
for the mianufacture of hydrogen or for other purp<j.scs, but this 
oxygen is nsually discharged into the air, as it is unprofitable to 
collect it uidess some use can be found hir it near at hand—as, 
for example, in the oxidation of ammonia to nitric acid. Most ol 
the oxygen of commerce is used in oxy-hvdrogcn, oxy-coal gns, or 
oxy-acelyienc biowpii>es for cutting or welding metals, but small 
quantities are used in medicine. 

In the lalxiratory oxygen is usually obtained from a cylinder of 
(he compressed gas. Alternatively, it may l>e prepared by heating 
potassium cnlorate. when the first action is the formation of pota.s- 
sium perchlorate, followed liy the decomposition of this substance. 

4 KC 103 *-^ 3 KC 104 i-KCl. KCIO^^^ KCld f . 

In tlio absence of a catalyst the action takes plac.'^ at a fairlv high 
temperature, and is then violent if not actually explosive; hence 
a catalyst is added, usually manganese dioxide. If this substance 
is used it is wise to make sure that it has not been adulterated with 
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charcoal, which causes dangerous explosions. Sodium chloride is 
sometimes added to the reaction mLxture. The principal impurities 
in oxygen prepared by (his method are nitrogen and which 

must be driven from the apparatus b<Tore the collection of gas 
is begun, and chlorine, which can bo absorbed in caustic alkali 
solution. Oxygen can lie dried with any of the usual drying agents. 

Oxygen can also be obtained by heating ]X>tassium permanganate, 
mercuric oxide, and other substana’s, or by the decomposition of 
hydrogen j>croxide or aqueous solutions of sodium peroxide. Tlie 
purest gas is obtained by electrolysis of a solution of a chromate 
or a permanganate in dilute sulphuric acid. If dissolved gases 
have been removed from the acid solution by l>oiling i\ before 
adding the oxidizing agent, water is the only detectable impurity 
in the gas rising from the anodi*. 

Properties. —Oxygen is a colourless gas, without taste or smell, 
which at — can be condensed to a pale blue liquid, freezing 
at — 2if/\ Liquid oxygen is attracted by a magnet. S()hd oxygen 
exists in at lca.st two crvstolline forms, the reason for the (hrnorphism 
remaining obscure. The vaiiour density of oxygen shows the mole* 
cule to be diatomic. 'Die gas is only slightly soluble in water (less 
than 40 c.c. per litre of water at 12^'), but is considerably more 
soluble in alcohol. 

At ordinary temperatures oxygen reacts with the majority of 
substances oiti»cr slowly or not at all, but nearly all the elements 
will combine directly with oxygen if heated to a sufliciently high 
tcmi>cra1ure in the gas. Gold, platinum, and the halogens cannot 
be made to combine directly with oxygwi. Binary compounds of 
oxygen are called oxides, and oxides have been prepared of all (he 
known elements with tlic exception of the inert gases. The oxides 
are compounds which may be si»hd, liquid, or gaseous, soluble in 
water or nearly insoluble, and in fact they display an extreme 
variety of properties. The most useful classification dej>ends 
chiefly on the. behaviour with acids and bases. 

(i) Acidic oxides react with bases to form salts with the element 
of the oxide in the anion, e.g. phosphoric oxide, sulphur 
dioxide, silica. 

(ii) Basic oxides react with acids to form salts with the element 
of the oxide in the cation, e.g. calcium oxide, ferrous oxide, 
lead monoxide. 

(iii) Amphoteric oxides show both acidic and basic propertie.«. 
Since nearly all oxides are in some degree amphoteric, the 
term is usually restricted to those in which the acidic and 
basic properties are of comparable strength, e.g. aluminium 
oxide, antimony trioxide. 
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(iv) Peroxides contain the grouping —O—O—»and yield hydrogen 
])croxide with dilute acid. Examples arc sodium peroxide 
and barium peroxide. 

The nature of the oxides formed by the elements varies in a 
fairly regular way with the position of the elements iu the [H'ruulic 
table. Those metallic elements lying on the left of the talkie (in 
the form on p. 303) form chiefly Ixisic oxides and peroxide’s, 
while the elements on the right arc non-metals and form acidic 
o.xulcs. When an clement forms more than one oxide, the acidity 
increases with the valency: mangiincse and chromium offer good 
examples (if this phenomenon. In each group of the table the 
acidity of the highest oxides dc'creascs with increasing atomic 
number, and in pa.ssing from leli to right along a liorizontal scries 
the acidity of the highest oxules increasi's, os has alread}’ boon 
pointed out. 

The affinity of the oxides for water is extremely variable. Some 
combine with it with avidity to form com|)Ounds called hydroxidta. 
which contain the univalent hydroxyl group, OH. The term 
'hydroxide* is, however, nstially restricted to the hydroxides of 
the metals, which, if soluble in water, arc called al leal is. Water 
itself remains outside any clx^vsification of the oxides based {>n 
alkalinity or acidity, smee these terms arc defined with respect to 
the constituent ions of water, but alternative definitions are possible 
and have on occasion been used (see, tor example, p. lyj). 

Mixtures of oxygen with hydrogen and other inflammable gases are 
explosive unless either constituent is present in very large excess. The 
combustion of hydrogen, acetylene, or coal-gas in oxygen jiroduccs 
an intensely hot flame used in the blowpi(H 5 . In this instrument 
the hydrogen and oxygen are led Ironi separate cylinders into 
concentric tul>es and meet at the nozzle. The combination of 
oxygen with hydrogen is one of the numerous gas reactions which 
at ordinary tcmi)eratures have a great affinity but a negligible 
velocity. At room temperature no trace of reaction can lx: ob¬ 
served, but an explosion lakes j'lace if any part of the mixlme is 
heated to 800^—say with a match or by a spark—or cxj>0‘3ed to 
a fragment of platinum block or any other smtable calnlyst. The 
perfcctlv^ry gnses will ct^mbiiie if a power fill linag spark is u-sed. 

Oxidation and Reduction.—The «^ddition of oxygen a substance, 
the removal of hydrogen fn)m it, or anv similar alteration of its 
electropositive or electro negative constituents, is called oxidation. 
The reverse ]^rocess is called reduction. When one substanco is 
oxidized another must be reduced, I hong 11 in an electrolytic cell 
oxidation may take place at one electrode (the anode) and reduction 
at the other (the cathode). 
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Oxidation of an ion or molecule may also consist in the removal 
of electrons from it. Some examples of both types may bo given. 

Transfer of Oxygen Atoms, —Ferric oxide oxidizes ^uminium to 
aluminium oxide, and is itself reduced to iron: 

FcaOj-l-zAls- 2 Fc+A ljOj. 

Hypochlorites oxidize bromides to bromates: 

aClO'+Br'^sCl'+BrO/. 

Transfer of Hydrogen Atoms. —Hydrogen bromide is oxidized to 
bromine by chlorine, which is reduced to hydrogen chloride; 

2HBr+Cl2=Hr,+2MCl. 

Transfer of Electrons. -Tovttc sails oxidize iodides to iodine, and 
arc reduced lo ferrous salts: 

2Vo'+zV^2Vc' + \.. 

ElatrnlyUc Chlorides Ciin be oxidizerl at an anode 

to chlorine, and sulphates to i)ersulphatcs. ComjH'nsaliug reduc¬ 
tions must take place ut the cathode: 

zCi'—2 clcclron.s=n^- 
2SO/—2 electtons 

Oxidation in Acid SoltdioHf:,--hi nianv oxidations in aejueous 
solution oxygen atoms arc re<liiced to hydroxyl ions: 

O 3+4 clcctronsTssaO'. 20*H-2H;j0— 4 OII'. 

Such processes usually rc<piire the presence of an acid. Thus 
solutions nf iodides are oxidized by hydrogen peroxide in the 
presence of an acid, but not in neutral solution: 

RA 4 2r+2H'^2H*0+4 

Atomic Oxygen.—By pas.sing oxygon at low pressure (i mm.) 
through a silent electric discharge, many of the molecules arc split 
up into single atoms: and although those quickly recombine to form 
the ordinary diatomic molecules, some of the pro]>erlies of aloinic 
oxygen have been studied. It will, for instance, decompose hydro¬ 
carbons, the reactions being accompanied by an intense blue chemi¬ 
luminescence; and will melt platinum owing to the great heat 
evolved when the atoms recombine—a reaction greatly catalysed on 
the surface nf the metal. It will also oxidize bromine to BrO^, and 
hydrogen bruiuide to bromine and water. 

Ozone, O, 

History.—The peculiar smell caused by the passage of an electric 
discliarge through air seems to have h<^n first observed bv van 
Marum in 1785. ScHONBHiN (x83<)-4o) showed that the smell 
was due to a new gas, which he called * ozone,' from the Greek 
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o^€iv, to smell. The constitutioD of the gas, 0 ^. was established 
by SoRHT (1866). 

Frepaiation. —The formation of ozone from oxygen according 
to the equation 30^^5^203 is a strongly endothermic reaction, and 
the equilibrium yield is consequently promoted by high tenjpera^ 
lure, as well as by increased pressure. At room temperature 
and atmospheric pressure the equilibrium yield of ozone is prac- 
lically nil, and even at 2000^ it is only 1*5 jxt cent. The formaiion 
of ozone by simjdy heating oxygen 
can, however, he demonstialed by 
plunging .1 white-hot platinum wire Ozonised 
into liquid oxygen. The oxygen in 
contact with the wiio is qui<k!y 
heated and as quickly cooled, and 
there is no lime for the oy.unc pro¬ 
duced at the high temperature to 
decompose before it reaches a low 
temperature at winch thf^ rate of 
composition is very slow. 

A more practicable method for the 
preparation of ozone is the action 
of the silent clectric«d discharge on 
oxygen at room lemj>eralure. A 
simple fonn of apparatus for this 
jmrpose is shown in the diagram 
(Brodie's ozonizer), A double lulw is 
immersiKi in dilute sulphuric acid, with 
which the inner tube is also filled, and 
the discharge from an induction coil I'^g. 102 Ukouie's Ozonizkh 
is passed across the annular space 

while oxygen is allowed to flow through it. Other electrolytes will 
do as well. If air is use<l instead of oxygen some oxides of nitrogen 
may be formed at the same time, partictilaily if sparks are allowed 
to pass. In commercial plants it is important that this should be 
avoided, and the discharge is usually passed between glass plates 
covered with wire gauze, while a slow current of air passes tlirougii 
the system. 

Ozone IS also produced from air or oxygen under the influence of 
ultra-violet light, and is formed, tc^ether with oxygen, at the anode 
during the electrolysis of aqueous solutions with a high cunent 
ilcnsiiy. Anodes, such as those of smooth platinum, which liave 
a high oxygen over-voltage, are the best. The action of fluorine 
on water produces oxygen mixed with a considerable proportion 
of ozone. 

Since ozone is unstable at ordinary temperatures it is essential, 
N 
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during its preparation, to keep the apparatus cool, to diminish as 
far as possible the rate of decomposition. Pure ozone free from 
oxygen is difficult to prepare, but a product containing 8o per cent 
or 90 per cent of ozone can be obtained by cooling in liquid air the 
gas issuing from an efficient ozonizer. Since ozone is less volatile 
than oxygen, the residue which remains after most of the condenseil 
gas has evaporated is very rich in ozone. A purer product can be 
obtained by liquefaction of ozonized oxygen, followed by fractional 
distillation of the liquid. The ozone so prepared melts at —250® 
and boils at —112®. It decom|)oses fairlv rapidly in the gaseous 
state ovon at low temperatures, but it has been found possible to 
measure its vapour density, which corresponds with the forirmla 0^. 

Properties.— Ozone in the gaseous state has a very pale blue colour, 
and when condensed to a liquid is much darker in colour than 
ii<|uid oxygen. Liquid ozone is d<ingerously explosive. Ozc^ne has 
a very powerful smell not unlike that of chlorine, and is poisonous, 
but ir> very low concentrations it is perhaps beneficial, since it 
df.slroy.s bacteria present in the air. Indeed, slightly ozonized air 
is much used in ventilation, as for instanc'e on the tube railways in 
London, where the smell of the gas is often noticeable. In the 
neighIwmrhood of electrical machinery, too, the smell of ozone can 
often be detected, but the otlour sometimes attributed to ozone at 
various seaside resorts is mainly due to de<‘aying seaweed. 

The composition of ozone remained undetermined by the earlier 
invest igators, on account of the difficulty of preparing the pine 
gas; it was first established by St>RET in i8l)f). It could be sliown 
without difficulty that ozone was an allotropic form of oxygen 
with a different molecular weight. Sorcl took two equal volumes 
of the same specimen of ozonized oxygen, and converted one to 
oxygen by heating it, noting the increase in volume after the 
sample had been restored to its original temperature and pressure. 
The ozone in the second sample wa.s absorbed in cinnamon oil, 
in which it is very much more soluble than is oxygen, and the 
contraction was noted. From this second experiment the volume 
of the ozone present in the ozonized oxj'gen, under the given 
conditions of tcm|>eralure and pressure, could be directly measured, 
and was found to be iwjcc the expansion produced by conversion 
to ox\'gen. It follows that ozone increases in volume by one-hnlf 
when converted to oxygen, so that ozone must have the formula 
the decomposition being represented: For the structure 

of ozone see p. 352 

Ozone is only very slightly soluble in water, which is chemically 
unaffected by it, but it dissolves freely in the essential oils such 
as oil of cinnamon or turpentine. The power which these solvents 
possess of dissolving the gas is connected with the presence of a 
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double bond in iheir molecular structure. Ozone combines with 
nearly all, perhaps with all, unsat united carbon compounds, 
e.g. ethylene, to produce unstable additive compounds called 
ozonidcs, which are of some importance in organic chemistry', 
particularly in investigations of structure. For this reason ozoiie 
rapidly corrodes rubber, and also attacks cork, though more slowly. 
The spontaneous decomposition of ozone takes place slowly at 
ordinary temperaturc.s and more rapidly on warming: it i.s also 
greatly accelerated by certain catalysts, such as carbon or cupric 
oxide. O 

/\ 

CH. CH, 

\ 

0-0 

r.rMVLfiKK O^ONiUB 

Ozone is a powerful oxidizing agent which under suitable con¬ 
ditions will convert all metals except gold and some of the platinum 
group to their oxides; in these changes it usually behaves like a 
specialiy active fonn of oxvgen. Mercury exjrosed to ozone, even 
in small concentration, is supcrucially attacked and lends to stick 
to the glass vessel in which it is confined: this ' tailing ' is one of 
the tests for ozone. The oxidation of manganous solutions by 
ozone may lead to a variety of pro<lucts and is discussed elsewhere 
(p. 7O4). Iodides are oxidized to iodine even in neutral solution: 

zl'H HjO^xOH'+r.+O*. 

Oxygon is set free at the same time, so that only one of the three 
oxygen atoms of the ozone molecule is effective in this reaction, 
but in acid solution hydrogen peroxide is also produced, while in 
alkaline solutions some at least of the ozone forms an iodute 
according to the equation I'+Oji—IO3'. Ferrous solutions are 
oxidized to the ferric state, ferrocyanides to ferricyamdes. nitric 
oxide to higher oxides, hydrogen sulphide to sulphur, and sulphur 
in suitable conditions to sulphur dioxide, or, in the presence of 
moisture, to sulphuric acid. Halogen is set free from ali the 
hydrogen halides except hj-drogeii fluoride, e.g.: 

2HBr+0,= Br,+0j+Hj0. 

Methane is oxidized in the cold to carbon dioxide and water, but 
hydrogen and nitrogen are unalJocted under ordinary conditions. 

Ozone can be detected by its oxidizing properties, but it is more 
diflicult to distinguish it from other oxidizing agents, and parti¬ 
cularly from hydrogen peroxide. However, ozone is unique in 
giving a violet colour with test-papers soaked in solutions of an 
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organic compound usually called ‘ tetramethyl base/ ^ and, unlike 
hydrogen i>c*roxidc. it is unaffected by a solution of potassium 
perniaiiganatc. 

Ozone IS usc^d in artificial ventilation, in purifying water from 
orgainsnis, anti in bleaching. 

In the lower atmosphere, ozone sometimes occurs in traces 
(e.g. one part in 10,000,000). In the higher atmosphere, at a 
distance of some forty to fifty kilometres from the ground, it is 
present in large quantities, the amount varying with the latitude 
and with climatic conditions. 


Hynnooi-N Pi:konji>k, 

History. -Hydrogen pcroxule was disc<»vcro<l by Thknarp (iSkA 
thougli it was not prcpareil pure until hy Woi.FrKNSTUN. 

Preparation.—The forma (ion of hydmgcn petoxule from oxygon 
and water, 2H20d Oj- allgO^. resembles Hie conversion ol oxygen 
to ozone in tliut it is an eiulothcnnir. reaction wliicli gives an 
appreciable e<piilibrium yield ol the product <^nlv at very higli 
ternfM-'ratures. Even at 2000'* the yiiM of hydrogen jieroxule is 
rnmule, but traces arc lomird when slenin is blown through a 
flame of burning hydrogen, or when such a Hame is directed on 
to ice, The IheniKil equilibrium can, liowever, be displaced by 
electural inetluxts [cotnpare ozone). At the tom}M*ruture of liqnid air 
the brush discharge prodiiccJS a gcKMl yield of hydrogen peroxide 
from oxygen mixed with either so little or so much liydrogen rliat 
the mixture is not explosive, and at ordinary temperatuies hydrogen 
l^eroNide sometimes appi*ars at the anode during the electrolysis 
ol acid solutions. 

None of these metluxls is put to practical use. On a commercial 
scale hydrogen peroxide is prcpanxl fr<nn perTnoiK)S\ilphuric acid 
by adding sulphuric acid and distilling at low pressure: 

SO/ f U./)-S04'4 HA t, 

or from barium peroxide and dilute sulphuric acid. In the 
laboratory hydrogen peroxide is best prepaied by distilling at 
low pressure and a tempiTature of 50'’-60® dilute sulphuric acid 
which has been nearly neutralized by sodium |)Ci'oxide; 

NaA+2H’;-2Na‘+HA t- 

The mixing is carried out in a fieezing^mixture, with constant 
stiiring, and the solution can be concentrated before distillation 
by allowing the sodium sulphate decahydrate, Na^SO^.ioH^O, to 


^ T ctramethy I— p — p' — dtami nodi phen y 1 meth anf 
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settle out, carrying with it a good deal of the water. Commercial 
sodium peroxide always contains a little chloride, and hydrogen 
chloride therefore finds its way into the distillate, from which it 
must be removed, if a very pure solution is required, by a further 
low-pressure distillation from silver carbonate. This method has 
superseded the former preparation of hydrogen peroxitU* from 
barium peroxide and sulphuric acid. 

In another method, carefully purified barium peroxide (p. .^9;^) 
suspended in water is treated with phosphoric acid, when barium 
phosphate is precipitated and an aqueous solution of hydrogen 
peroxide is formed: 

3BaO,d 2U3P0^=Ba3(I>0,)sH .^HA- 

The phosphoric acid i.s recovered by the action ol sulphuric acid 
upon the barium phosphate: 

Ba,(POd *4 4 + 2 H,P 0 „ 

and the barium sulphate formed as a by-product is sold as a pigment 
(* blanc fixe'). The solution of hydrogen peroxide obtained in 
this way is very pure and usually contains about 43 gin, of HA 
per litre. 

The volatility of hydrogen peroxide is comparable with that of 
water, and hence solutions ol the peroxide in water cannot be 
concentrated by evaporation l>eyond a certain point, apart from 
the losses caused by dccomj«)sition. By evaporation in vucuo 
hydrogen peroxide solutions can be concentrated to about 70 per 
cent, though not without the risk of explosion. A better method is 
to mix the solution with an inert hydrocarbon such as cymenc and 
distil at low pressure, when nearly all the water collects with the 
cymene in the distillate: a pn>cess somewhat similar to steam 
distillation. Nearly pmre j)eioxide can be prepared by freezing 
concentrated solutions and removing the water as ice. 

Properties.—Hydrogen peroxide is nearly colourless, but its 
pale blue colour is probably intenser than that of water, though 
not at all noticeable under <jrdinary conditions. At ordinary 
temperatures it is a visams liquid with a density ot about 3*44. 
This liquid freezes at —i", and under 20 mm. pressure boils in the 
neighbourhood of 60*^. The structure of hydrogen peroxide is 
probably HO.OH, the two hydrc^cn atoms l)eing arranged in 
directions perpendicular to one another and to the axis joining the 
oxygen atoms. Hydrogen |ieroxide iiiixtr.s with water in all 
portions, and is also very soluble in certain organic liquids, e.g. 
alcohols and ethers. With such solvents and water it gives a 
nearly constant distribution ratio, indicating a similarity of mole¬ 
cular species in the two liquids. Cryoscopic measurements show 
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that in water the hydrogen peroxide molecule is single, and the 
same is true of the va])our (but see p. 104}. A smaller degree oJ 
association is probably the reason for the volatility of hydrogen 
peroxi^le as compared with water. The peroxide is al^ very 
soluble in such basic solvents as aniline or quinoline, with which it 
combines; the distribution ratio between quinoline and water 
actually favours the quinoline. 

Hydrogen j^eroxide is an exceedingly weak acid with a dissocia¬ 
tion-constant of about 2*5X10"** at 25'^—this applies to the lirst 
dissociation, + the second dissociation lx*ing im¬ 

perceptible. So weak an acid is it tliat solutions of the peroxides 
of the alkali-metals ami alkaline earths, such :is which arc 

best regarded as salts of hydrogen jxrroxule, are nlniosl wholly 
hydrolysed, only a small prop(»rtion of the inn HOj' remaining 
unconverted to hydrogen jK*roxi<lc, while there is notliing to siiow 
that the ion Oj' is present ul all. Solutions of hydrogen peroxide 
slowly decomjxjse into water and o.xygen, and this docompo.siticjii 
is greatly acceleratcHl if the solution is made alkcdine or is warmed. 
It was formerly supposed that this was a homogeneous reaction, 
but it has been shown that if extraordinary precautions are taken 
to free the system from dust and other impurities, concentrated 
solutions of hydrogen ]x;roxidc can Iw preserved unchanged in 
silica vessels for days even at 60". The decomposition is in fact 
a heterogeneous reaction which fakes place on the surface of dust 
particles or of the containing vessel. It has long been known that 
the slow doconipi>sition of onlinary hydrogen j>tT<ixkic solutions 
can be retarded, though nevci altogether arrested, by the addition 
of certain anticatalysts or iiihiliitors. Organic substances such as 
ether, glycerol, acetanilide, or barbituric acid are most commonly 
used, but most acids, including dilute sulphuric acid, aie quite 
effective. The action of these substances is due to their power of 
* ]>oisoning * the dust particles which cause the decomposition 
of the hydrogen peroxide, and the s|>ccial efficacy of acids is easily 
understood when we remember tliat the active particles must 
be those which readily ads<')rb the weak acid hydrogen ]x?roxide 
and will therefore readily adsorb other acids us well. Since the 
complete removal of dust has not yet been found practicable on a 
commercial scale, nearly all commercial samples of hydrogen 
peroxide, including some of those sold aa sj^ecialJy pure, contain 
a preservative, which must be removed by distilling off the per¬ 
oxide at low pressure if a pure solution is wanted. Hydrogen 
peroxide solutions should be kept in I lie dark in stopj^ered 
bottles. 

Many catalysts for the decomposition are known, among the 
best being manganese dioxide and platinum black or colloidal 
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platinum. Copper salts have a very pronounced catalytic effect 
upon the decomposition of hydrogen peroxide solutions. A solution 
containing 30 gni. HgOj per litre and 10 parts per million of copjwr 
was found to lose 57*4 per cent of its peroxide after refluxing for 
1 hour, and 06*3 per cent after 2 hours. Hydrogen peroxide 
solutions are also rapidly decomposed by neutral iodide solutions, 
from which, however, they liberate no measurable quantity of iodine 
{contrast ozone), the action being purely catalytic. The concen¬ 
tration of hydrogen peroxide solutions is sometimes roughly ex* 
pressed by tiie volume of oxygen which can be obtained by their 
decomposition into oxygen and water; thus the ‘20-volume' 
solution, a form in which the peroxide is often sold, evolves twenty 
times it.s own vohime of available oxygen. A convcnicjit source of 
hydrogen peroxide is the crystalline compound C0(XH2)2.H80j, 
which it forms with the weak base urea. 

Hydrogen peroxide is a powerful ^>xidizing agent used for bleach¬ 
ing delicate fabrics and as a disinfectant. Its advantages for those 
purposes lie in the perfectly harmless character of the products of 
decomposition, oxygen, and water. Concentrated solutions will, 
liowever, blister the skin. 

Hydrogen peroxide may b<‘ regarded as a compound formed by 
tlje oxidation of water: HjO+O^^ H^O*, or by the reduction of 
oxygen: ll can act as an oxidizing agent or as 

a reducing agent, priKlucing water and oxygen respectively. The 
equations are O and H^Oj—Oj^ f+2H, but they 

may be written ionically: HjOg+zH'sszlI^O—2 electrons, and 
2OW—2Ufi+0^ t +2 electrons. An oxidizing agent, 
from liu* ionic standpoint, is n substance I hat absorbs electnms, 
a reducing agent one that supplier; them. From the ionic equations 
we should expect the oxidizing powers of hydrogen peroxide to be 
promoted by acidity, and this can be verified by exjx^nment. In 
alkaline solution ferricyanides are reduced to ferrocyanides, while 
in acid solution the reverse change takes place: 

2Fe(CN)j'" 4 H20,+ 20H'w-2h'e(CN)e""+2Hp+05jt 
2Fc(CN)/'"4 HA+2H « 2 Fe(CN)/" 42 H 20 . 

Silver oxide is reduced to silver: 

Ag30+H,0,^2Ag+Hj040, t • 

The pcjwerful oxidizing agent potassium permanganate oxidizes 
hydrogen peroxide even in acid solution: 

2Mn0/46H'45Hj0t=2Mn 450 ^ f +8HjO. 

This reaction is used in the estimation of hydrogen peroxide by 
volumetric analysis In the presence of organic preservatives 
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which might reduce the permanganate, the oxidation of an acid 
iodide solution is more suitable: 

H 2l'+ 2H* =l^+2Hfi. 

The reaction takes place rather slowly, and hydrogen peroxide is 
catiilytically decomposed by iodide ions, so it is best to catalysts 
the oxidation of the iodide with a little ammonium molybdate. 
The iodine free is titrated with thiosulphate. 

Hydn^gcn peroxide produces peroxy-compounds witli tlie oxy- 
salts of llie elements of the A subgroups of Groups IV and VI. Thus 
with chromates a blue solution of an oxide CrO^, which can be 
extracted with ether,^ is obtained, and with titanic salts an orange 
solution. These redactions can be us<‘<l as tests for all tlic substances 
concerned. With otlicr salts, such as sodium phosphate, hydrogen 
penixide combines to form compounds that appear to contain 
hydrogen peroxide of crystalliziition, since the jK.'rt)xido can be 
wholly removed by shaking with ctlier. From alkaline solutions 
of the salts of the alkaliuc-earth metals, hydiogcn peroxide precipi¬ 
tates peroxides such as CaOj-SIIjO. 

U liytlrogen jxuoxide is a<ldrd lo an alkaline solution ol pvro- 
gallol and formaldehyde (H.CHO) it is reduced to gaseous hydrtjgirn, 
the formaldehyde being oxidized to formic acid: 

2H.CHO+HA=2lI COOII f t. 

This reaction is of interest since during its progress light is emiUed 
{chemihminesccfice), as may be seen if the expciiment is carried out 
in a datkoned room. 

^ And pours a deeper blue to Aether's bound 

WoRDswoRTU, An Evening iValh. 



CHAPTER xni 


NITROGEN 

N ' • • 14* 008. A tomi c N u m her. 7 

General.—Nitrogen is the lightest ineml)er of Group V, and its 
atom has five valency electrons. In its binary compounds its 
valency is, however, unlike that of phosphorus, confined to three, in 
accordance with the covalency maximum rule, which ngidly limits 
tlie covalency of elements in the first short pcrhKl to four. Conse¬ 
quently the tervalent compounds of nitrogen contain a lone i)air of 
electrons, which gives them the donor properties so c<jnspiciu)us in 
ammonia, the most iiTipf>rtant com}Kmnd of tliis typo. this 

lone pair of electrons is satisfied by co-ordination with an acceptor, 
nitrogen has reached its permissible maximum covalency of four. 
To tliis circumstance are due not only the s<Ties of ammonium salts, 
but also the often very stable additive comt>ounds which aiunumia 
forms with s<i many salts. In this respect ammonia resembles 
water, and a comparison has often been drawn between ammonium 
salts and acids dissociated in water: 

HjO f 

Nitrogen differs from the later members of the group by its 
abundance, its occurrence in the atmosphere, its much greater 
volatility, the great stability of its diatomic molecule, the relative 
unimportance of its only known allotropc, and its chemical inert¬ 
ness. Its hydride is far more basic than other Group V hydrides. 
It occupies a position near the centre of the first short period, and 
like the neighbouring element carbon forms very stable compounds 
with both oxygen and hydrogen. It also resembles its neighb<ujrs 
carbon and oxygen in its curious reluctance to combine directly witii 
the halogens* 

The atom of nitrogen was decomposed by Rutherford in 1919 
by the method of a-ray bombardment. 

The CircnlatiOD oi Nitrogen in Nature.—Together with carbon, 
hydrogen, and oxygen, nitrogen is an essential constituent of 
living matter. Since this is subject to death and decay, and is 
also constantly cl\anging through assimilation and excretion, part 
of the world's nitrogen is in continual change, but this is only a 
smidl part of the total nitrogen present in the world. The principal 
•n 383 
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I>ossibi]ities are shown in the diagram, which represents a scheme 
sometimes referred to as the ‘ nitrogen cycle.* Only exceptional 
plants are able to derive their nitrogen direct from the air—a 
transformation which they accomplish with the help of ‘ symbiotic ' 
bacteria attached to their roots—and most can assimilate it only 
when It is presented in the form of a comjxmnd soluble in water, 
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usually a nitrate or an ammonium salt. The nitrogen rcliinied 
to the soil by the death ami decay <if Jininials and plants, or by the 
excretion of the former, is liberated partly as atmospheric uilrogen. 
the greater part uf the residue apjiearing as ammonia, which bv the 
action of bacteria present in soil is oxidized to a nil rale. Since 
cultivation soon cxitatists the natural nitrates present in soil, 
ihe.M* must be supplemented by fertilizers or manure. The prin¬ 
cipal nitrogenous fertilizers are dung, the nitrate deposits of South 
America, and synthetic ammonium comiKPUuds or nitrates made 
from almosplieric nitrogen. 


Air 

The proportions of oxygen am I nitrogen will differ according 
as they are stated by weight or by volume, and are in any event 
not absolutely constant in different parts of tlie carlh or even at 
different times. As will be showm in the next chapter, air contains 
not only these two gases but also five others—the inert gases of the 
atmosphere—in addition to a little car Urn dioxide and various 
impurities in the neighIwiirhocKl of towns, houses, or animal or 
vegetable matter. Air also contains water-vapour and dust, a 
name which may be taken to include all floating solid irnpuntics. 
Representative values lor the proportions by volume of the gases 
present in pure dry air are: nitrogen 78*0 per cent, oxygen 21*0 per 
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cent, inert gases o*g per cent, carh<iii dioxide 0*03-0 04 per cent. 
If the calculation is made by weight, the projwrtions of nitrogen 
and oxygen come to about 75-5 per cent and 23*2 per cent. At 
considerable heights above the surface of the earth, the proportion 
of the hea\'ier constituent, oxygen, decreases, amt that of the 
Hglitcr constituent, nitrogen, increases; and at great heights—a 
hundred kilometres or more- there may lie larger proportions of 
the light rare gas helium. Near the surface of the earth the j>ro- 
poitiou of helium is exceedingly small. 


Nitkookn 

Preparation. —Nitrogen may be is«»latctl from the nir by removing 
carbon dioxide and oxygen from it liy rombiimlKni with suitable 
reageiUs. but the jiroduct is contnminatexi with the inert gases of 
the atm<i.sphcre. Since these gases have no chemical piopertirs 
their presence is for many purjMisi's no ilisadvantage. Hot cupper 



is commonly used fur removing the oxygen, with which it forms 
cupnc oxide' a suitable apparatus is shown in the diagnun. The 
ap)»aratU8 must be run for wmic time before any gas is collected, 
and the product, if collected over water, will inevitably contain a 
small projxirtion of oxygen, since oxygen is slightly soluble in water. 

Nitrogen is generally obtained in the laboratory by lieating 
(in solution) ammonium nitrite, for w'hich a mixture of sodium 
nitrite and an ammonium salt may be substituted: 

NH<N02--Njf-J-2H20|. 

The gas usually contains a little nitric oxide as impurity, which car; 
be oxidized to iiitnc acid, and retained, by an acid dichromate 
solution. Niti<»gcii can be dried by any of the usual agents. For 
the prcp<aratiori of the pure gas. the interaction of htjf nitric oxide 
and animoiha on a copper catalyst has been recommended: 

6N0+4NH,^5N, hOHfi. 
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Excrss i)\ ammonia is removed by concentrated sulphuric acid. 
Nitrnj»on, rcmtainiiig only traces of oxygen, can also be obtained 
from a cylinder of the compress<‘d gas, made i)y the liquid air 
process. 

Tile two nuist important ft«)iirces of industrial iiitrogcm are liquid 
air and produccr-gas (j>. Suice the Iwiling-poiiit of nitrogen 

is —1^)5^ while that of oxygen is - 183^ nitrogen can be scparat<td 
from oxygen without (lifficiiltv by the fractional evaporation of 
li<]ind lur. 'Hus process has the a<lvant»igc yicKling a nearly 
pure gas and is usc'd lor soinr connncrrial purposes, but the pro¬ 
ducer-gas proa*ss is rather cheajXT. Since producer-gas consists 
rhu'lly of nitrogen and cavlion mono.xide. the problem is to remove 
tlie latter, 'rhis is done In adding steam the mixture and 
passing it <iver a h<*ate<l <*ata)vsl, as dc'scriln'd in the account (>l 
the H AiucK-Hoscii process (p. 3SS). Njtr()g<‘n lias also been obtained 
from ail* by burning hydn^gc’ii in it and removing the oxygen us 
water (p. 31)1). 

Properties.—Nitrrjgen is a colourless gas without taste or sinill; 
]i(|iud nitrogen, which is also colourless, frwws at — Ji<i and ImjiIs 
at —1()5^ Nitrogen is only slightly soluble in wul<*r; less Sfiluble 
than is oxygen, l>nt as the partial pressure i»f iuln*gen lu the air is 
nearly four tunes that of oxygen, water saturated with air contains 
nearly twice as nnich nitrogen us oxygen: at 15' a litre cimlams 
al)out 14 c.r. nitrogen niul 7 cx. ox^'gel). The s<ijubihtv of nitrogen 


in organic liquids is also wry slight. 


The gas is a little lighter 


than air. 


AI ordinary temptTatiiros nitrogen is a very inert subs tan re. 


At very high lernjH'ralures, at which .some dissociation uit*^ atoms 
takes place, il is more active, and Hie incrluehks of nitrogen in the 
cold may be attiibutcd, in part at least. 1<j the stiibihty ol its 
diatomic mrdecnle. The combination with hydrogen or oxygen on 
healing will lx* fullv (lisciis.sed shortly (p. qtM)). Urdjuarv nitrogen 
will not combine dinx'tlv at any tcmjXTature with sulphur or the 
halogens, but many metals, strtmgly heated m nitrogen, form nitride.s. 

A dive Nitr()f^i'n.-~ h\ jqio il was o1)S(Tveil by Sruum* that nitrogen 
at low pressure wliich had bei*ii expostsl to a ]ar-dischargc in a 
vacuum tube to excite the well-known afterglow* possessed chemical 
properties wiiich sharply distinguished it fnmi the ordinary gas. 
In the case of air and tiiber mixed gases the continuation of the 


glow after tlic dLscharge had IxH'ii stopj>ed was sup]X^S('d to be due 
to the chemical interaction oj substjinces such as nitric oxide 


and ozone produced by the discharge, but Strutt’s obsen^ations 
recailed the behaviour of o7.oni/xd oxygen in that the gas leaving 
the tube had definite chemical propt^rties which ]X)rsisted until in 
some minutes it had reverted to the ordinary form. 
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Subsequent work showed that the i>rescnce of traces of oxygen 
had a pronounced effect on the production of active nitrogen. 
While not absolutely necessary to its formation a small quantity 
of oxygen acts as a promoter, but larger concentrations are hannful 
and 2 per cent is enough to prevent it. A similar effect h;is been 
observed with other substances. 

Owing to its short liJe few of the physical pro|>ertics of active 
nitrogen can lx? measured, but it is inhTcsting to note that the 
spectrum of the glow certainly arises from molecular nitrogen. The 
chtmical properties can. however, easily l>c observed by slowly 
pumping tlie gas from the discharge tnlx* where it is generated into 
un adjacent vessel where it can be eXjXJMKl to the action of various 
substances. With sulphur, arsenic, the alkali-metals, zinc, mercury, 
cadmium, magnesium, and lead dirc^ct combination takes place, 
sometimes with incandescence or (lame. Iodine reacts with a 
blue The carbon compounds mostly yield cyanogen, but 

mi'tluuK' and hexane give hydrogen cyanide. Yellow pluispliorus 
is converted to rod, oxygen and ammonia destroy the glow without 
reaction. With nitric oxide an unexpected reaction takes place: 

Active N f 2KO NO^ I-N^ 

Selenium, rarlxm, hydrogen, antimony, and ozxme are unallectcd, 
but if various salts arc exposed to thic active nitrogen they l>egin 
to phosphori’sce. 

Tlie. nature of active nitrogen is still in doubt. Strutt's original 
hypothesis was that the gas was simply atomic nitn^gen, but the 
energy available seems iiisiifBcieut to dissociate the nitrogen mole¬ 
cule. If the molecule of tlic gas were triatoniic, as in oztme, it 
sliould lx? jKissible to condense it Ut a liquid, but this has never 
b<ten accomplished. A likelier view, on the evidence as a whole, 
is tliat active nitrogen contains both free atoms and activated 
molecules. 

Nith()(;kn Hyduidks. — ^Tlie hydrides of nitrogen arc ammonia, 
NH;j, hydrazine, N2II4. and hydrazuic acid, HN3. Since the first 
two are basic conqwunds and the last an acid, other derivatives 
also e\i<'t, such as ammoniuiti azide, NH4N3; but of all these com¬ 
pounds by far the most important is ammonia. 

Ammonia, NH^, Ls one of the products of decay of animal matter 
(p. 384), and its odour can frequently be detected in stables 
and elsewhere. In the laboratory it is iiMially prepared by the 
action of a base on an ammonium salt: quicklime and unirnonium 
sulphate are commonly used, with or without the addition of a 
little water: 


Ca0 + (NH4)2vS04*CaS04 I 
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Since the gas reacts with calcium chloride, sulphuric acid, or phos¬ 
phorus pentoxide, some other drying agent must be used, such as 
quicklime or solid caustic potash. 

The preparation of ammonia from atmospheric nitrogen is a 
great chemical and engineering problem which has been success¬ 
fully solved only in the last forty or fifty years. The reaction is 
NJ+3H2—2NH3, and it has already been shown (p. 123) that the 
synthesis requires a high pressure. The union of nitrogen and 
hydrogen is an exothermic reaction, so the yield of ammonia at 
equilibrium is improved by reducing the temperature, but as a 
satisfactory reaction velocity can l)e obtained only at fairly high 
temperatures, the reaction is carried out at 500® with a catalyst. 
There are two main processes worked on a commercial scale: the 
H.-^nKU-EosCH and the Claude, the principal difference lying in 
tlie pressure employed. 

The Hu^^er-bosch Proem.—This was worked at a large factory at 
Oppau, near Ludwigshafen-ain-Rhcin, in Germany, where about 
150,000 tons per annum of synthetic nitnigen were produced, while 
the newer Lunawerke, in Germany, had a capacity of 500, ock) tons 
per annum. Just before the war of 1939-45 the German production 
of synthelic nitrogen com|)ounds was about hall the world's con¬ 
sumption <jf nitrogen compounds, including nitrates. A large plant 
operates the process at Kill ingham-on-Toes, in Jin gland. A short 
description will be given hcTC of the process worked at Oppau; it 
can be followed out with the lielp of the sini]>li(ied flow-.^heet 
opposite. 

The great feature of the i)rocess is that nothing is wasted. Besides 
air and water the raw materials an: coke, from the Ruhr cokc-ovcns, 
brown coal or lignite, and anhydrite (calcium sulphate) from the 
Nockar Valley. The products are aqueous ammonia, ammonium 
sul]>liatc, nitric acid, calcium nitrate, methyl alcohol, 
and urea, CON2H4. 

The nitrogen and liydrogen arc prepared by removing carbon 
monoxide from producer-gas and water-gas respectivel3^ This is 
done by adding steam and passing the gas mixture over a catalyst, 
when most of the carbon monoxide is oxidized to the dioxide: 

C04H,0-»^02+H2. 

After this operation the carbon dioxide, which comprises some 30 
per cent by volume of the gas mixture, is dissolved at 30 atmospheres 
m water. Only i per cent of carbon monoxide remains, and this 
is removed by passage through an ammoniaca! solution of cuprous 
chloride. The gas mixture now consists of nitrogen and hydrogen 
in nearly the right proportions, though it is sometimes necessary 
to add a little extra nitrogen from a Linde liquid air plant. Other 




Fic 105 HaubR'Bosch Process for Synthetic Ammonia (Oppau Plant): SiMPiiPtsD Flow-sheet 






















































390 THEORETICAL AND INORGANIC CHEMISTRY 

large-scale processes for hydrogen production used in ammonia 
synthesis are described on p. 359. The nitrogen-hydrogen mixture 
after compression to 200 atmospheres passes into the ammonia 
converters. These are steel towers 40 feet high and about 3 (cct 
in diamclcr, containing the catalyst, which is ferric oxide of definite 
granular structure with small qttantUies of certain promoters. 
The temperature 0/ ^00'* is easily maintained by the heat liberated 
in the reaction. Only 10 per cent or less of the gas is converted 
to ammonia at each operation, but the mixture is re-circulated and 
tlte ammonia removed by passing it at the same pressure of 200 
atmospheres through water. Some of the ammoniacal solution 
obtained is sold direct, but the rest of the amnumia, winch can be 
obtained from the solution by releasing the pressure and then 
boiling, IS used for three purpo.scs: (i) oxidation to nitric acid; 
(2) manufacture of ammonium sulphate; {3) manufacture of urea. 

1. Oxidation 0/ Ammfmia to Nitric Acid .—The ammonia is mixed 
with uir or oxygen and passed through towers containing the 
catalyst, a preparation of ferric oxi<lc, though in other works 
grids of platinum wire in aluminium tubes are used. With ferric 
oxide the officicnev is only 70-75 per cent as compared with 95-08 
]vr cent with platinum, but the plotinum is expensive and i.s very 
easily poisoned. Nitric oxide is formed first, and this is oxiilized 
by more air to nitrogen peroxide, which is absorbed in water which 
trickles over clay rings. The equations are: 

4NH3H-50.^4N0+6HP aNO+O^^^NO, 
and 4N03+2H,0+0,=4HN03. 

The nitric acid produced is partly sold as such and partly used to 
make calcium nitrate with the calcium carbonate obtained as a 
by-product in the manufacture of ammonium sulphate. Smaller 
quantities are used in the manufacture of ammonium nitrate and 
of mixed nitrate and phosphate fertilizers. 

2. Ammonium aulphatc .—In order to prepare this substance, 
so much used as a fertilizer, carbon dioxide, obtained as already 
described, is passed into a well-stirred suspension of finely-ground 
anhvdrite in water saturated with ammonia. The action is: 

2 NH 3 + 2 Hj 0 +CaS 044 +C0t-^{iil{^^S0^+C2.C0^^ 

and as calcium carbonate is much less soluble than the sulphate 
it goes nearly to completion. The solution is filtered, and the 
ammonium sulphate obtained by evapeuation and dried in a 
centrifugal machine. 

3. Una .—This substance, which has the formula 
contains 47 per cent of combined nitrogen, and is an excellent 
fertilizer. Ammonia and carbon dioxide are mixed and compre.ssed 
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to 200 atmospheres, when they are converted to liquids and react 
with the formation of ammonium carbamate: 

COj+aNHa^NHjXOONH^. 

Much heat is evolved, and the carbamate decomposes into urea 
and water, which, still under pressure, arc squirted through a 
nozzle into a large chamber full of dry air. The urea then falls 
to the floor as a dry powder, and is removed on conveyors. 

NHa COONH^^ CONj5H^4 HgO. 

Methyl Alcohol ,—We may now return to an earlier stage of the 
process. Tiie carbon monoxide removed from the gas stream by 
ammoniacal cuprous chloride is rca>vered from this solution and 
used together with some of the water-gas for the manufacture of 
methyl alcohol. Tlie mixture is compressed and allowed to react 
on the surface of a catalyst coni]>oscd of a mixture of zinc oxide 
and ciiromium sesquioxkle: 

C0+2H*-.CH3.0H. 

By using as catalyst ferric oxide with a small admixture of alkali, 
by reducing the speed of the gas stream over the catalyst, and by 
raising the temperature, it is possible to obtain many other com¬ 
pounds in fair yield; among them isobutyl alcohol, aldehydes, 
and kctone.s. The power required throughout the plant is generated 
from produccf-gas, obtained by burning the brown coal to carbon 
monoxide in an air stream. When the temperature is sufficiently 
high, .steam is substituted for air and water-gas generated instead 
of proclucer-gas. 

The Claude Process .—This process is worked at numerous factories 
in France and Belgium. The cost of the hydrogen used in the 
Haber-Bosch process accounts for about 75 per cent of the cost 
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of the ammonia produced: in the Claude process the hydrogen is 
made by the electrolysis of water. Some of this hydrogen is burned 
in air, leaving nitrogen to be used in the ammonia synthesis and 
synthetic water suitable for the eiectroljrtic cells. The rest ol the 
plant, which works at 750 atmospheres, will be understood from the 
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diagram. To withstand the enonnous pressures the converters are 
made of special stai), and the catalyst is mounted on a gun breccli- 
bldck device to allow easy withdrawal for replacement. Many 
variations of the process are possible; in some llic nitrogen is 
obtained from producer-ga'^. in others from liquid air. 

Several other proci*sses for the manufacture of ammonia from 
atmospheric nitrogen have at one time been worked, but they are 
unlikely to make headway against the direct synthetic processes. 
The Seuvek process for the hydrolysis of aluminium nitride (p. 535) 
has l)oen abandoned, and the cyunumiJe process (p. 567) is doing 
no more than hold its own. 

Ammonia is a colourless gas. At “33^^ it can be 
condensed to a liquid freezing at —78"^; it is used in refrigcrator.‘<. 
It has a strong unmistakable odour and attacks the eyes, and it 
has a pungent taste. It is considerably lighter than air. 

Ammonia is exceedingly solulde in water, and lii)erales much 
heat when it dissolves. At 15® and standard pressure 100 gni. of 
water will lake up about 60 gin. of ammonia. In common with 
other gases with a pronounced afTinity for water, ammonia does not 
obey HiiNHy's law excei)l in very dilute aqueous solution, lliut is, 
the pressure of the gas above the .solution is not proportional to its 
concentration within it. Henry’s law, as already exjdained, is an 
aj^plication of the distribution law to gas-liquid systems, aa<l the 
reason it is not obeyed by ammonia in water is possibly that the 
molecular species in the two plnuses is not entirely the same, and 
some of the ammonia in solution has combined with liydrogcn ions 
to form ammonium ions. Alternatively the high solubility may be 
due to hydrogen-bonding between N and O and 0 and O (and 
l>ossibly N and N). 

All the ammonia can be expeUed from its iiqueous solutions by 
boiling, and at very low tcini)eratures, about “77’^, hydrates 
2NH3.H^0 and NIl3.H,0 have betn obtained. Ammonia is freely 
soluble in most organic liquid.^. 

Ammonia will not bum in the air (unless heated), but in oxygen 
it burns with a feeble yellow flame, forming (in the absence of a 
catalyst) nitrogen and water: 

4NH3+30,:^2N,+6H,0. 

Under carefully controlled conditions and in the presence of a 
catalyst, preferably platinum, nearly all the ammonia can be con¬ 
verted, either by air or oxygen, to nitric oxide, a process used, as 
already described (p. 390), in the commercial synthesis of nitric 
acid. Most oxidizing agents, if sufficiently powerful, convert 
ammonia to nitrogen and water, but some produce oxides of 
nitrogen or nitric acid. The reaction between ammonia and 
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chlorine depends on the conditions. In the gas phase nitrogen is 
liberated and the chlorine forms first hydrogen chloride, which 
then reacts with more ammonia to form ammonium chloride: 

3CIj+8NH3=6NH4C1+N,. 

The reaction is accompanied by flashes of light or flame Under 
other conditions the dangerously explosive compound nitrogen 
trichloride may l>e formed. Ammonia is detected in aqueous 
solution by the brown precipitate, or in very dilute solutions the 
colour, that it produces with Nessler's solution (p. 515). It 
is a powerful donor substance, and, like water, forms addition* 
compounds with a large num^r of metallic salts. These com* 
pounds, of which many arc described elsewhere, are often of great 
stability, and the very stable ammonium ion. NH4’. is a com* 
bin at ion of the ammonia molecule as donor with the hydrogen ion 
as acceptor. 

Liquid A fnmonia asa:>olvcnt.^Ki atmospheric pressure ammonia 
can l>c condensed to a liquid at -*33^*. and it has long been known 
that the liquid is an excellent s<»lvent for many metallic salts. 
Reactions in this medium have f>ccn intensively studied by Gokk 
in England and by Franklin and his collaborators in America, 
and there is an ammonia - chemistry that resembles in many 
interesting jxjinls the watcr-choniistry with which we are familiar. 
Our views <jf the nature of reaction have b^tca so much coloured by 
the predonnnance of aqueous solutions that the opportunity to 
investigate a different system is a valuable one; the more so ns 
liquid ammonia is the only solvent other than water whose cflecl 
on metallic salts dissolved in it has been thoroughly studied—for 
the suJhcient reason tliat it is the only non-aqueous solvent in 
which many of them arc appreciably soluble. 

The dielectric constant of the Uquid is about 22. If rigorous 
precautions arc taken to exclude water—and this is always important 
in studying non-aqueous .solvents—liquid ammonia is a very poor 
conductor of elect licit v. The few ions present are pr(*sujnably 
NH^* and NHg'. formed by dissociation of the ammonia molecule 
into H* and NH/ and combination of the hydrogen ion with a 
neutral molecule to form an ammonium ion. This may be com¬ 
pared with the dissociation of water into H' and OH', and there is 
reason to suppose that in water also the hydrogen ion is usually 
attached to at least one water molecule. The similarity between 
water and ammonia has indeed often attracted attention; among 
the most conspicuous points are the high specific heat of ammonia 
(higher than that of water), its high critical temperature and pres¬ 
sure, its association, and its power of forming molecular compounds 
with salts analogous to the hydrates. Still more important 
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are its solvent action on metallic salts and its power of dissociating 
them into ions. 

Most salts actuaUy conduct the current better when dissolved 
in ammonia than when clis>solved in water, but this is due not to 
the higher ionizing power of this solvent (which is roughly one-third 
that of water) but to its lower viscosity, which greatly increases 
th(* mobility of the ions. 

Saks soluble in water are not always s<»liiblc in ammonia, and 
vice versa, Halides (except fluorides) arc often soluble and car¬ 
bonates, sulphates, and phi’sphates sparingly soluble, but metallic 
oxides and hvilnixides do not diss<»lve at all, except the hydroxides 
of the alkalis and alkaline earths, and they but sliglilly. The 
course of reactions therefore often differs in water and in ammonia, 
lit ammonia, for example, calcium chloric le can be preeijutated by 
mixing a chloride solution with a calcium solutkm: 

aNaCl l-Ca(NOa)^- aKaNOjfCaCl^ j or aCI'-t Ca *->CaClg |. 

Tlie most instructive classificatiou of solutes is into acids, ba.ses, 
and salts. Since the dissociation of liquid ammonia is 

2NH3?^N1V+NHj', 

as compart'd with 

aH^O^HaOd-Oir, 

am mono-acid may be dcrine<l as a substance which yWdfe 
ammonium ions in liquid ammonia solution, and an ammono-base 
as one which yields amide ions (NH,'). Since the dissociation of 
pure liquid ammonia, like that of water, is very slight, it follows 
that ammouo-acids and ainmono-bases cannot exist together in 
solution: the product of their interaction is called an am mono-salt. 
The equation shows how aceUmidc, an ainmono-acid, neutralizes 
sodamide. an ammono-base, to produce sodium acetamide, an 
ammono-salt, and ammonia: 

CHa.CO.NH.H f Na.NHs CH 3 .CO,NH.Na + NH^ 
ammono-acid ammono-basc amwono-salt uwmonia 

or H‘(H KH,)-PNH2'->2NH8. 

The difference between an amniuno-acid and an ammono-base 
is that the former ionizes RNH^^RNH'-f-H*, followed by 
H*+NH3->-NH4’. and the latter ionizes RNHj^R‘-+ NH^', just as 
hvdroxylic aquu-acids and aquo-bases correspond with the dis¬ 
sociations ROH^RO'H-H' and KOH;?^R+OH'. All soluble 
ammonium salts are ammono-acids, since they ail yield ammonium 
ions. Many aquo-oxyacids have their ammono-analogiies. thus 
sulphuric, nitric, and carbonic acids. SOj(OH),, NOj.OH, and 
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CO(OH)a, may be compared with the ammono-acids sulphamklef 
nitramidc, and carbamide, S02(NH2)2, NOj.NHj, and CO(NH8)2- 

Aminono-acid^ will dissolve metals, liberating hydrogen: 

2Na + 2NH4*-^ 2Na*-i-jNHa-fllj I ; 
oi metallic oxides, yielding a salt, water, and ammemia: 

NhjO'H^NH^ ^aNa +sNHj+H^O. 

Ammono-biiscs such as sodamide usually precipitate either a 
nitride or an amide Irom ammono-salt solutions, just as caustic 
alkali precipitates oxides or hydroxides from aqueous solutions. 
Thus with a solution of a bismuth salt * 

Bi* +3NH/ -lhN4 
and witli a Nilvei salt: 

Ag -hNH,'^AcNH.4 

It IS considerably mure difTicult to liberate hydrogen from liquid 
ammonia than from water, and solutions of the aJkali-metals in 
iKimd fimmoma can be prepared, though they arc not very stable, 
and decompose after a day or two. The s<»lulious are deep blue 
in colour and are good ctinductors of electricity. The cation is 
the ordinary nietui ion, .such as Na* or Li\ possibly associated with 
amni<mia molecules, but the nature of the anion is not immediately 
obvious The interesting suggestion has Ihkju made that the 
anion is a free electron, probably solvated, and there is no inherent 
imixjssibilily in the idea. 

The Ammonium Salts. —Ammonia combines with acids, either 
in the vajxiur state or in solution, to form ammonium salts, which 
contain the ion NH^. In these reactions the ammonia acts as 
flonor and the hydrogen jon as acceptor. Though nominally a 
complex, the ammonium ion docs not dissociate into ammonia 
and hydrogen ion to any great extent. But in the vapour state 
ammonium salts, which are all volatile, are considerably dissociated 
into ammonia and acid, the degree of dissociation depending on 
the temperature, the pressure, and particularly on the volatility of 
the acid. Thus ammonium carbonate is one of the most volatile 
and aramouium sulphate one of the least volatile of the common 
ammonium salts. Similar considerations apply in solution. Am¬ 
monium salts with strong acids are slightly hydrolysed and have a 
faintly arid reaction (owing to the di^ociation 
so that all ammonium solutions, except those containing excess of 
acid, liberate some ammonia on boiling. If the acid is weak and 
volatile (e.g. carbonic acid) the salt may be completely decomposed 
by boiling in water. 

The salts of ammonium are often compared with those ol the 
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alkali-metiiR, since they are colourless {unless the anion is coloured), 
univalent, and nearly all soluble in water, while they have very 
little tendency to further complex-formation. Like the salts of 
pdta^^smm, with whi<h they are <jftcn isomorplious, ammonium 
salts usually crystallize anhydrous. The ammonium ion is un- 
affecte<l by reducing agents, but the stronger oxidizing agents 
c< in vert it to nitrogen, water, and hydrogen ion. and snhitions of 
ammonium salts of oxidizing anions may lilKuate nitrogen ou 
boiluig, e.g. the nilrite or chlorate. In the solid state such com- 
jiuunds are usually explosive. 

Among the commoner ammonium salts are the following. Several 
others are mentioned elsewhere in connection with tin* acids. 

Halides.— nic ammonium halides are volatile a)h)urles.s sohd.s 
whose volatility dc('Teasc‘s with increasing atomic number of the 
halogen. The flur)ride loses IxTiire it sublimes, but the other salts 
have no mciting-jxnnt at almc>splKTic pressure, in the vapour 
state they are liiglily dissfMiaf<‘d into ammonia and hydiogen 
haliile. In alt except the nuonde. a transition-point has been 
observed corresponding with a diflorenec in crystalline (onn. 
The ammonium halides are all fn*e 1 y soluble in wat<T and are also 
soluble in certain organic solvents, the solubility in<Teasing with 
ifKTea‘'ing nl<»mic nuinlx-r of the halogen, but the Jluoride may 
b(? an exception to this rule. They all form additive compounds 
with ammonia. 

Ammoftivm fluoride, NH^E, is made by subliming a mixture of 
the chloride or sulphate with o.\ee.ss of sodium fluoride. It is freely 
soluble in water and is soluble in aleohul. In crystal structure, based 
on ' hydrogen bonds ’ Ixdween N and 1', it resembles ice (p. loj). 

Anifiioniifm chlortdc, NH|C 1 . is made on a commercial si aU^ from 
ammonium sulphate and sodium chloride, cither by sulilimation 
or in solution. If mixctl solutions of these substances arc con¬ 
centrated, the much less soluble sodium sulphate separates cnit 
hrst and can lx: removed. The ammonium chloride remainmg in 
the solution is j^rocured by evaporation and purihed by rccrystalliza- 
tion or by sublimation. The commercial product usually contains 
ferric chloride, whicli colours it yellow, and which may lx* removed 
either by subiimation from ammonium phosphate or by rccrj'stat- 
lization from dilute ammonia. Samples (jf very high piiritv W'ere 
prepared by Rutiakos in the course of his cletcrnn nation of the 
atomic weight of nitrogen (p. 425). Ammonium chloride is produced 
whenever Jiydrogen chloride comes in contact with ammonia in 
solution or in the vapour phase at low temperatures. 

Ammonium cliloride has a transition-point at 184®, at wdiich 
temperature it changes from the liody-centred (caesium chloride) 
structure to the sodium chloride type. On further heating 
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it readily sublimes without fusion, the vapour pressure reaching 
760 mm, at 338®, Measurement of the vapour density shows that 
even at thi'i temperature dissociation into ammonia and hydrogen 
chloride is nearly complete, the density being little more than half 
of that corresponding with NH^Cl. Since ammonia gas is much 
lighter than hydrogen chloritlo it diffuses more rapidly, and it is 
not difficult, by the use of pipeclay, an asbestos plug, or some other 
suitable membrane, to effect a p.artial separation of amnionium 
<'hlc)ride va|Knir. For this reason I hi* punlication of the salt hy 
sublimation should always be conducted in a current of ammonia. 
The claim by Bakek and idhers that the intensively dried salt does 
nr)t dissociate has been tlisproved. 

Ammonium chloride is very wduble in water, but much less 
soluble in alcohol. It is used as a flux in soldering, and in dry 
batteries, as well as in the Leclanche cell. 

Ammonium bromide, NH4Br, is obtained by the action of bromine 
on excess of a(}ueous ammonia. The mixture mu.st be left tor a 
(lay or two after the vigorous reaction appears to be over, or the 
product will be contaminated willi br<»niale. The liquid is hnallv 
eva})oratcd to dryness on the water-baUi. 

Ammonium bromide resemble.s the chloride, but it is slightly less 
volatile and is more soluble in water and organic liquids. Its 
transition-temiK.Tature is at 138^. 

Ammonium xodide, NHJ, is usually prepared by mixing c<uicen- 
trated .solutions of potassium i(Ktide and ammonium sulpliate and 
adding alcohol, which prtxupitates nearly all the potassium sulphate. 
It can also be prepared by adding ammonia and then hydnjgen 
jx^roxide to iodine. It is the least volatile of the amnionium 
lialidcs, the vapour pressure reaching 760 mm. at about 405"^. Its 
transition-temperature is —In the va[X)ur state not only is 
there a considerable pi(>j)orlion oi umlis.soeiated molecules, provided 
the temperature is not too high, but some association into double 
molecules takes place. It is (ieli<iucsceiit and exceedingly soluble 
in water and in some org<uiic liquids. 

Ammonium chloralt, NH/.lOj, is picparcd by concent rating 
mixed solutions of S(xliuin chlorate and ammonium chloride. The 
sodium chloride separates out first, and is tillered ofi. Evajxjratiun 
of ammonium chlorate solutions is dangerous, as when concentrated 
they sometimes cause violent explosions. On boiling they yield 
chloiine and nitrogen. The decom|)Osition of the 5 f*lid yields 
in addition wafer, with some oxygen and ammonium chloride. 

Ammonium bromaie, NHjBrO^. resembles the chlorate, but 
ammonium ioUaU\ NH4IO3, is rather stabler. It can he obtained 
in ^ solution from i<Klic acid and ammonia, or from ammonium 
carbonate and barium iodatc. It is not very soluble in water: 



39 R theoretical AND INORGANIC CHEMISTRY 

only about 20 gm. per litre at room temperature. On heating 
it decomposes into nitrogen, oxygen, iodine, and water, as follows; 

2 NH t + 0 , t +I2 1 -f 4 H ,0 t. 

Ammo?iium perchlorulc, NH^C104, is prepared from ammonium 
sulphate and barium perclilurate. Unlike potassium perchlorate, 
it is freely soluble in water. It is, as might be expected, stabler 
than the chlorate, and on heating yields nitrogen, chlorine, oxygen, 
and water, 

Ammonium carbonate, -The union of carbarn dioxide 

and ammonia in the presence of water can yield a considerable 
number of products. In the af)sc‘nce of water these gases form 
ammonium carhamaU, NHJ.COONH4, an intermediate compound 
in the synthesis of urea (p. 3<)(J). The commercial ammonium 
carbonate contains the hydrogen carbonate and carbamate as well 
as the normal salt, but can be freed from these sul)stances by careful 
washing with aqueous ammonia, in which the normal salt is not 
very soluble. Even at ordinary (einpiTalurc the salt slowlv 
decomposes into ammonia and ammonium bicarbonate, and is 
used as 'smelling salts': (NHJjCOj^^NH^ f + (NHJHCOa. The 
solutions rapidly lose ammonia to the air, ;ind the evolution of gas 
from a hot concentrated solution is so brisk that at about 80® it 
appears to boil. The solutions contain nol only bicarbonate but 
carbamate. 

Ammonium bicarbonaU, NH^HCOs, can be obtained by heating 
the commercial carbonate or the normal s;ilt with a little water, 
or by exposing them to the air. It slowly decomposes into ammonia, 
carbon dioxide, and water, leaving no residue. The fact that 
ammonium bicarbonate is more soluble than sodium bicarbonate 
in water makes the Solvay process for sodium carlwnate manufac¬ 
ture possible. 

Ammonium sulphide, ^NH4)2S.—Either this compound or ammo¬ 
nium hydrogen sulphide, (NHilHS, may result from the union of 
ammonia with hydrogen sulphide in the absence of water, according 
to which gas is in excess. The ammonium hydrogen sulphide 
volatilizes when the product obtained with excess of ammonia at 
a low temperature is gently warmed. In solution the normal 
sulphide can be prejwred by dividing an ammonia solution into two 
equal parts, saturating one with hydrogen sulphide and mixing it 
with the other, but hydrogen sulphide ions (HS') are in any case 
formed by hydrolysis. Both the solution and the solid arc rapidly 
decomposed on w'arming. 

Ammonium hydrogen sulphide, obtained as above, is also very vola¬ 
tile, the vapour pressure reaching 760 mm. at about 32®. The vapour 
is almost wholly dissociated into ammonia and hydrogen sulphide. 
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Solutions of ammonium sulphide, in common with those of othei 
soluble sulphides, have the power of dissolving sulphur, with the 
formation of polysulphide ions. Ammonium sulphide solutions 
on exposure to the air absorb oxygen, sulphur being produced, 
which then combines with the sulphide ions. The first action is: 

2S'+0j+2H,0=2S+40H', 

and this is favoured by the acid reaction of ammonium salt solutions, 
as conijiared, for example, with those of the alkali-metal salt.s, 
The poiysulphide solutions are yellow but, if very concentrated, 
may l)C red; the yeUt>w solution is a familiar reagent in the labora¬ 
tory, where it is widely used, in qualitative aiialyMs. f^vcral 
poly sulphides have Ix'cn prcjKUfil in the solid state, among them 
amniojiitm pcnlasitlphut*\ (Xn4)jSj. a yellow crystalline solid 
obtained by adding sulphur to water through whicli simultaneous 
streams of ammonia and hvdrogen sulphide arc pasM il. On cooling, 
the resulting liquid solidihrs. 

Ammonium sulphate, (NH4);.S04, is made on an enormous scale 
for use iis a fertilizer, for the most part from synthetic ammonia. 
Hither sulphuric acid or anhydrite may Ijc used, as described in 
the section on synthetic ammonia (p. 31)0). An alternative source 
of ammonium suljjhatc is the armuoniacul liquor from gasworks 
or coke-ovens, which consists of a very impure aqiicou.s solution of 
ammonia. I-imc is added, and the ammonia, mixed witli organic 
bases, is distilled off into dilute sulphuric ackl. 

Ammonuun sulphate, the salt of a strong and not particularly 
volatile acid, is one of the stablest and least volatile of the salts of 
ammonia. It crystallizes without water and is isomorphous with 
potassium sulphate. On careful heating it loses ammonia and at 
320® can be quantitatively converted into the hydrogen sulphate: 

(NH JjSO^^fNHJHSO^+NHa t- 

It is extremely soluble in water, and the solubility has a rather low 
temperature-coefficient. 

Afnmonium hydrogen suIpkaU, (NHJHSO^, is prepared by care¬ 
fully heating the normal salt, or by crystallization from solutions of 
it in dilute sulphuric acid. On stronger heating it yields nitrogen, 
ammonia, sulphur dioxide, and water. Like the normal sulphate. 
It is soluble in water but nearly insoluble in alcohol. 

Ammonium nitrite* (NII^INO,. can be prepared by cautiously 
evaporating mixed concentrated solutions of ammonium chloride 
and scKiium nitrite, and subliming the product under reduced 
pressure. It can also be made by passing simultaneous streams 
of ammonia, nitric oxide, and oxygen into a receiver cooled with 
cold water, At a temperature of, say, 40’’ the nitrite can be sublimed 
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under rcducerl pressure without docomposition, and thus separated 
from the less volatile nitrate which usually accompanies it. It is 
a hygroscopic solid which readily decomposes into nitrogen and 
water, and is ust'd for preparing nitrogen: 

NH^NOj^vNjH 2H,0. 

It is freely soluble in water and alcohol. The aqueous solutions 
give off nitrogen at 50^, or at lower temperatures if the formation 
<*i nitrous acid is promoted by the addition of a few drops of a 
strong acid. 

Ai^Dnium nitrate, (NH<)NOjj. is prepared commercially by the 
action of nitric acid on ammonia. Traces of atnmrmititn nitrate 
occur in rain, where they have b(*en formed by the interaction of 
ammonia originating in di'cnying animal matter and of nitric acid 
syn(hesi7.ed from air and water by the action of natural electric 
discharges. Ammonium nitrate is ;ilso pr<Kluccd by the reduction 
of nitric acid by certain metals. The solid exhibits s(‘veral transi- 
tinn-tem|)eratures connected with changes in the crystalline fonn, 
among them one at 32*. At 170^’ the s;dt melts, and when further 
healed decom]V)ses into nitrfius oxide and water: 

(NHdNO^^NjO t + 2 H, 0 , 

a reaction used for the preparation of this ga.s. If suddenly and 
v^trongly healed, and .simultaneously compressed, ammonium nitrate 
decomposes explosively, producing chiefly nitrogen, oxygen, and 
water: 

2(NH,)N03-2N, t H O, t +4H,0 t. 

The fused salt is a powerful oxidi/4ng agent which will dissolve 
many metals, esiwcially if it contains a little ammonium chloride 
mixt'cl with it. A mixture of ammonium nitrate and alum in him 
powder can be fired by a detonator, and has been used as an explo¬ 
sive under the name of ammon(d, while ammonium nitrate ha.s also 
been used in other explosive mixtures. The memorable explosion 
at Oppau in Germany in i(>22, which caused heavy loss of life and 
was so violent as to be audible in London, was due to ammonium 
nitrate. 

'I'he salt is exceedingly soluble in water, absorbing much heat 
when it dissolves: it is also soluble in alcohol. 

Ammonium phosphates.—Since ammonia and phosphoric acid are 
rcs^K2ctively a weak base and a weak acid, a large excess of am¬ 
monia is required to produce the hydroxyl ion concentration 
necessary for the formation of tertiary ammonium phosphate. The 
ammonium dihydrogen and diammonium hydrogen phosphates can 
be obtained from solutions prepared by mixing acid and base in 
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suitable proportions. They are both soluble in water. Diammo¬ 
nium hydrogen phosphate, (NH4)jHPO<. loses ammonia on heating 
and gives ammonium dihydrogen phospluilc, (NH4)HjP04. which on 
further heating loses all its amm<tnia and leaves phosphoric acid. 
Sodium ammonium hydrogen phosphate, Na(NH4)HP04, ' micro- 
cosmic salt/ is descrilxKl elsewhere (p. 451). 

Ammonium peroxide. —By the action of gaseous ammonia on a 
concentrated solution of hydrogen peroxide in dry ether at a low 
tenjIK?Future, say —20®, two peroxides of ammonia can be obtained 
with the formulae (NH4)HOg and (NH4)80g--^the latter by continued 
action of tlic ammonia. By cooling to —40" they can be isolated 
as colourless, very unstable solids, which on warnjing to room 
temptTature rapidly decompose into ammonia and hydrogen 
peroxide. They may be regarded as the primary and secondary 
ammonium salts of the weak acid hydrogen peroxide. 


Ammines, Amides, Imides, Amines, Nitrides 

Ammines.— It is now generally belie vc<.l that no definite com- 
]>ounds can be isolated from solutions of the nikalhmetals in liijuid 
ammonia, but dcTuute ammiacs of the alkaline-earth metals Jiave 
been obtained. I'iius barium hexammine, Bu(NH3)4, is produced 
when aiimujiiia acts on barium at low temjKTaturos. It is stable 
oniy at low teniiKTatures, ignites six>ntanc(>usly in the air, and is 
decomposed by WMter. 

Amides and Imides. --'Hie amides contain the univalent group 
NHj. the imides the bivalent group NH. A lai^ nuinl>cr of these 
compounds is known, but most inorganic exam pi os arc of only 
theoretical interest. Sodamide and potxssamide arc of some 
importance. 

Sodumide, NaNHg, is prejnrred by hunting sodium in ammonia 
gas at about 300* * 

2Na+2NH3^2NaNHj.+ Hg. 

It is, when pure, a colourless solid which melts at 206® to a liquid 
which decomposes when strongly heated. It is slowly oxidised by 
the air, even when cold, and when heated in the air burns brilliantly. 
It reacts with water almost as vigorously as does sodium, producing 
caustic soda and ammonia: 

NaNH^+HjO-NaOHH NH3, 

and when heated with carbon produces sodium cyanide, NaCN 
(P- 453 )- 

Boramidc, may be mentioned as an example of an 
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amide of a non-metal. It is produced by the action of ammonia 
on b(jn*n trichloride: 

(,NH,+BC 1 ,=-B(NHJ,+ 3 NH,C 1 , 

and when heated forms first boron imide, and then boron 

nitride, BN: 

2B(NJlJa-B2(NH)3+3NHj f. B,(NH),:=2BNH-NIU t. 

Ctilcium itmJe, CaNH, is obtained by piissing a mixture of 
nitrogen and hydrogen over hot calcium. 

Silver amide is obtained by the action ujKin silver nitrate of 
|K)tassamidG dissolved in liquid ammonia: 

KNH,+AgN 0 ,«KN 03 +AgNH, I. 

Phospham, PNjII.—^*nus curious substance, which is probu 1 )ly a 
p(ilymer (NP.NH)„, is best preparc'd by healing ammonium 
chU»ride witli jihosphonis (>entasul|)liidc. It is a C(*lrnirlrs.s solid 
unaffected by c<*ld water or oild dilute acids, but decomposed by 
boiling water inlci phosphoric acid and ammonia: 

rN,HH- 4 l 40 =H 3 l» 04 + 2 NH 3 . 

It slowly oxidizes in the air and is decomposed by strong heating. 

Cbloramine, NHjCl.—In this compound one of the hydrogen 
atoms of the ammonia molecule hits Ikcu replaced not by a metal, 
as in sodamide, but by a halogen atom. It is produced by the 
action of hypochlorites on ammonia in solution: 

OCr-f NHa-NH.Cl-l Oir. 

and can be detected in the mixture by its peculiar odour. Distilla¬ 
tion at low pressure yields a few drops of chloramine ui the distillate 
as a yellow oil which readily decomposes. The pure substance can 
be obtained by removing water-vapour from the gas stream with 
potassium carbonate and condensing the n*main(ler with liquid 
air. It IS a C(Jonrless substance, melting at —60'' and liable to 
violent explosion at temperatures but little higher than its melting- 
l>oint. No similar compounds of the other halogens have been 
prepared. 

Nitrides.— The binary compounds between nitrogen and other 
elements are called nitrides. The salts of azoimidc, or hydra/.oic 
acid, an acid with the formula HNj, are called azides, and are not 
usually cl ass i lied with the nitrides, which can be distinguished 
from them by the fact that the nitrides all liberate ammonia when 
treated with fused caustic alkalis, and some of then] when treated 
with water, e.g.: 

Li,N + 4H,0=3Li0HH-NH3+HA 

BN43KOH- K^BOj-bNH, t. 


or 
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All elements form nitrides except the following: the inert gases; 
Group Vni (excluding iron, cobalt, and nickel, wliich do form 
nitrides), tellurium, bromine. Some of the very rare elements, 
such as gallium, and a few rare earths, have not been investigated, 
but from the behaviour of their neighbours in the periodic table 
it is probable that they would form nil!ides. The nitrides of 
hydrogen, oxygen, carl>on, sulphur, phosphorus, and the halogens 
are discussed separately, and several other nitrides arc mentioned 
under the heading of the second element. 

The nitrides can often Ijc prepared by boating the element in 
nitrogen, or sometimes in unuiumia, but a high IcmixTalurc is 
usually required. Instead of the element, a mixture of its oxide 
with a reducing agent such as nlmniniuni or carbon is sometimes 
us4'd. Some nitrides can l)c made by heating a suitable comjiound 
wiih another nitride, more caMly obtained: lithium and magnesium 
nitrides, which can Iw made by union of the elements at a compara¬ 
tively low tcnipcralnre, have iHX^n used for t\\h^ pur|x>sc. 

Hydrazine. Hy<lrazinc was discovered by CcRTius 

in lyy?. though the pn^bable existence of such a compound had 
Ix'cn foreseen at an earlier date. Small quantities of hydrazine 
arc produced in various luactions, but to obtain a good yield either 
in the laboratory or on a large scale is not very ejisy, and hydra/.ine 
and its derivatives still command a fairly high price. 

The method discovered in 1907 by RASCHre. and called by his 
name, is perhaps the best. Aqueous ammonia is lx)ilcd with sodium 
hypochlorite and a little glue. 'I'he first product is chloramine, 
NH^Ch and this reacts with more ammonia to form hydra/inc 
chloride. NH^.NIIaCl: 

NHXI-I-NH3-NHgNH.Cl. 

This compound, wliich is soluble m water, remains in solution, 
and the liquid is r<K)lc<l with ice and treated with sulphuric 
acid, which precipitate's the less soluble hydrazine sulphate, 

a colourless solid winch may be rccrystallizcd from 
water. Careful working is required or the yield will be jKJor, 
as alternative reactions may take place with loss of nitrogen: 
the object of the glue is to envelop and ‘ poison' any traces of 
heavy-metal ums, that strong I v catalyse unwanted reactions. 

Hydrazine hydrate, NgH^lliO, is obtained by the action of 
caustic alkalis on the add diiivativns of hydrazine, but it is clitficult 
to separate it from the resulting solution without a^nsidrrablc li)ss; 
resort is had to fractional distillatirin under reduc<*d jiressiire. 
Anhydrous hydrazine is prepared by treating hydrazine sulphate 
with liquid ammonia, when ammonium sulphate, insoluble in am¬ 
monia, is precipitated nnd removed by filtration. Hydrazine is a 
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colourless liquid which fumes in the air and attacks cork or rubber; 
in hot concentrated solution it will corrode glass. It freezes al 
and boils at 113”. It is soluble in water in all proportions, and 
forms with it a constant-boiling mixture which boils at about 120“. 
It is a di-ackUc base, and can form salts with one equivalent of an 
acid or with two. Its first dissociation-constant is about so 
that it is about as weak a base as ammoni«i, but its second dissocia¬ 
tion-constant is only about lo’'* so the dibasic salts of hydrazine 
arc almost entirely hydrolj'sed in solution. Only one hydrate is 
known, the monohydratc a liquid resembling hydra- 

zinc in its properties. The b^ic propcrtie.s of the amine groups of 
hydrazine, like those of ammonia, are presumably due to the power 
which these groups have of accepting hydrogen ions. Such a 
compound as hydrazine dichlonde ionizes in aqueous solution as 
follows: 

C 1 .NH,.NH,.CI-^NH,.NH, +2CI'. 

Hydrazine itself is oxidized by the air. and must be kept under 
hydrogen, while its derivatives are jv^werful reducing agents from 
which gaseous nitrogen can easily be liberated. They are rapidly 
oxidized by the halogens, e.g.: 

N.lU+2l,-N,t-H4r+5H, 

and in acid solution, in the presence of certain catalysis such as 
copper salts, will reduce chlorates to chlorides: 

3N,H5‘+2C103'=»=^3N^ t +2C]' + 3H 
This reaction is usexi in aiiiilysis. Copper solutions are re<luced to 
cuprous oxide, sails of silver, gold, and other electronegative metals 
to I he metal, nn<l ferric to ferrous salts. 

Hydrazine is an endothermic compound, and in the ])rescnce of 
platinum black spontaneously decomposes as follows: 

3N,H,-4NH,+N„ 
but if a strong base is present the action is: 

3N-H,-2NH»4-2N,+3H*. 

Several of the acid derivatives of hydrazine have been prepared, 
and the most important is: 

Hydrazine suJphate, * hydrazine hydro^^ulphate,' N^H4.H2S04, 
the commonest hydrazine compound. It is a colourless soli<i 
precipitated from cold concentrated hydrazine solutions by sul¬ 
phates, as it is not very soluble in cold water (about 20 gm. per 
litre). It is considerably more soluble in hot water, but nearly 
insoluble in alcohol. It is a stable substance wliich can be heated 
to nearly 250® without decom|x>sition. 

Hydrazine monochloride, NHj.NHj.Cl, is made by gently heating 
the dichloride. 
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Hydrazine dichhfide, Cl.NHj.NH3.CJ, is usually made in solution 
from mixed solutions of the sulphate and barium chloride. It 
is a c<>lourl(\ss hygroscopic solid soluble in water and slightly 
soluble in alcoliol. 

Hydrazine and its derivatives— such as phenylhydrazinc, 
C4llj.NH.NHg, and dinilrophcnylhvtlrazijie, (N02)2C4Hj|.NH.NH2— 
have a limited use m inorganic chemistry as reducing agents, but are 
much employed in organic chemistry. 

Hydrozylamine, NH^OH.- Thjs romjHmml so nnich resembles 
ammonia in ils structure that it is generally considered together 
with th(^ hydrides <4 nitn»gen. It was discovered by Losskn in 
1805. Numerous inetlKnls for preparing it are known, but they 
mostly give only a poor yield, tlio electrolytic method is the bc.st. 
In tliis ))rocess nitrates arc ri.'duml at the cathode in the ])n*sence 
of sulphuric acid. A diaphragm evU is used with a lead or mercury 
cat 1 lode, and the electrolyte must In* well o^oled. The yield li 
not v<Ty good, and the Lsolalhm of the hydroxylamino is clHficult, 
as its salts arc soluble in w'ater, Thu solution is neutralized and 
hunted with ace lone, (CH3)2<'0. \vhit*h reacts with the hydroxyl- 
amine to form acetoxinie, (CHnjjCrNOH; tins can lx* extracted with 
benzene and converted to hydroxy la mine chloride, NHgOH.Cl, by 
treatment with hydrochloric, acid. Alternatively a solatiiui of the 
chloride can be <»btuined by adding barium chloride to the sulphate 
solution and fiUering. 1*his ls then cvajxirated nearly to dryness 
under reduced pressure and alUiwtsI to crj’stallize. 

Most of the cb<‘mical metluHls of |)rep.iratioii also depend on the 
reducti(ni of comj'ounds cuntaiuing niln^geii and oxygen. Lossen's 
original motiKjd was to pass nitric oxide through hydrochloric 
acid in which tin is diss<jlving. After a suitable interval the tin 
IS precipitated with liydnigen sul]>hide and removed, and the 
li Urate c^'aporatcd to clrjTiess, exlriu'ted with alcohol, and iigaiu 
taken to drvness, when hydroxylaiiiiiie chhiridc remains. 

Tlir free bnv' is easily obtaiiiocl in solution by adding caustic 
alkali to hydroxylaniine salt solutions, hut ;us the resulting solutions 
are drcomixiscd on boiling, the istdatuin of the fiei* base is difTicult. 
It w'as first accomplished in by adding sodium methoxieJe 

NaOCH-,, to a solution of hydroxyl amine c.liloride in methyl alcohol; 

NHpH.Cl-i-NaOCHa- MfjOHH NaCU+CHaOH t. 

Sodium chloride, which is nearly insoluble in methyl alcohol, is 
filtered (jff, and the alcohol is leiiioved by low-pressure distillation. 
Thu hydroxy la mine ciin finally I >e distillttl at low ])n'ssure at about 
bo'*, and recrystallizcd Iroin alcohol, using a freezing-mixture to 
increase the yield. It is h c< 4 <iuricss solid, melting at 33°, which 
explodes if suddenly heated. It mixes with water in all proixjrtions, 
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but the solutions are not very stable, especially if impurities are 
present. In the presence of platinum black they are rapidly decom¬ 
posed into nitrogen, ammonia, and nitrous oxide, and atmospheric 
oxidation to nitrous acid and other products also takes place even 
in the absence of u catalyst. Hydroxylamine is a weak mono-acidic 
base, weaker than ammonia, and combines with acids to form salts 
whose cation is NH^OH*, and which arc partially hydrolysed in 
solution: they can be titrated against caustic alkalis with 
plienolphlhalein. 

Hydroxylamine most commonly behaves as a weakly basic 
reducing agent with the structure NH^.OH, the oxidation-products 
being generally nitrous oxide, N, 0 , and water, but so me limes 
nitrogen, nitric oxide, or even nitric acid. In certain circumstances, 
however, and notably in strong acid solution, it may behave as an 
oxide of ammonia, NHa-> 0 , with oxidizing projXTlies. To give 
an adequate summary of its Wiaviour it would l>e necessary to 
describe its reactions with organic compounds; we may mention 
here a few ot its inorganic reactions. 

In neutral or slightly acid solution ferric sails are reduced to 
ferrous salts, but in concentrated acid solution, or in alkaline 
susjxmsion, the reverse change takes place. In these reactions 
nitrous oxide is the principal product of oxidation, ammonia af 
reduction. Iodine is reduced to iodide except in very concentrated 
acid solution, when iodides are oxidized to iodine. Cuprous oxide 
is deposited from Fehlinc's solution, and silver from silver salt 
solutions. 

Hydroxylamine chloride, NHjOH.Cl or NHj.OH.HCl.— ITiis salt 
is sometimes called liydroxylamine hydrochloride, to express the 
fact that hydroxylamine forms salts by combination with an acid 
without the elimination of water: it is a basic anhydride, like 
ammonia. It is prepared as already described, and is a colourless 
solid melting at 15J® and decomposing on strong heating. It is 
very soluble in water. 

Hydroxylamine sulphate, (NHj0H)2.Il2S04 or (NH30H)2S04, 
is obtained by evaporating the chloride to dryness with sul¬ 
phuric acid in calculated quantity and extracting the residue 
with alcohol, in which the sulphate is nearly insoluble. It 
melts with decomposition at about 170® and is very soluble in 
water. 

Azoimide, Hydrazoic add. Hydrogen azide, HN,.— Phenyl azide, 
CeHft.Na, was prepared in 1867, but hydrogen azide was not dis¬ 
covered till 1890, when Curtios prepared a small quantity by the 
action of nitrous acid on hydrazine: 
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Vc*ry numerous reactions have since been discovered by which the 
acid or its salts can l)e pref»arcd. though, as with hydrazine and 
hydroxy lam inc, it is ditficult to get a good yield. Cuhtius's 
original method gives a fair yield if Ihc acidity is carefully con¬ 
trolled. The oxidation of hydrazine sulphate witli a persuljihate 
also gives <iuite grxKl results, but the best mot hot! of all is to heat 
sudamide to 200® in a current of drv nitrous oxide, when a good 
yield of sodium azide. NaN^, is obtained: 

NaNHg+N.O=NaN5+H,(), 

mixed with a little caustic soda produced by hydrolysis of the 
sodamkic. The product is dissolvcxl in water, acidified, and dis- 
ullod, when the hydrogen jizide comes over in the first fraction. 
The anhydrous substance is obtained by blowing air through its 
warm aqueous solution, removing water from the air stream by 
calcium chloride, and condensing the hydrogen azide vapcjur in liquid 
air. Hydrogen azide is explosive, and thcex^'erinicnt is dangerous. 

Hydrogen azide (this is {XThaps the Ix^st of tlie three alternative 
names for the c<unpouiid) is a colourless liquid with a nause(»us 
smell, freezing at —80® and boiling at 37®. It fix'quently explodes 
when boiled, but the density of the vaj>our has lx*cn measured and 
found to correspond with the formula HN,. It mixes with water 
in all proportions, and the dilute solutions arc stable at all tempera¬ 
tures in the absence of catalysts, though the concentrated solutions 
may cxplixle on heating. The solutions contain a weak monobasic 
acid; disscKialion-constant, say, 2X10^* at 25®, about equal to 
that of acetic acid. The solutions are very poisonous. Hydrogen 
azide is easily oxidiml to nitrogen, or reduced to ammonia, or, 
less often, hy<lrazinc. lu the presence of plalinuin black these 
changes take place siinultuneouslv: 

3HN,-4N, t H'NH, t. 

and this reaction can be brought at^mt in solutions of either the 
acid or its salts. When metals dissolve in the aciil solution the 
hydrogen lilx*rated reduces some of the acid to unimonia, which 
then forms ammonium azide: compare the production of ammonium 
nitrate by the action of nitric acid on certain metals. Solutions of 
hydrazoic acid are also deconi|Hjso<l bv aculs on 1>oiling, and often 
oxidize them; thus with hydrorfilonc acid chlorine is liberated: 

NJI f-3m 2Cr=(:L t +N« t +NH/. 

The azides are obtained by acting on hydrazoic acid with bases, 
and contain the ion ; their solutions have alkaline reactions 
from hydroly.sis. The priti(i|>;il soluble azides are those of the 
alkali-motals, ammonium, magnesium, and the alkaline-earth 
metals, 'Hiev are all explosive, but the alkali-mctal azides much 
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less so than those of the heavy metals. Oxidizing agents liberate 
nitrogen from the azides: e.g. with bromine the action is: 

Hr2H-2NV^3N* t +2Br'. 

Sodium azidt\ NaN^^ is prepared by evaporating to dryness the 
solution prepare 11 from the acid and caustic m&d, or from sodamide 
as already de^^crilK'd, and is a colourless solid which can be struck 
with alia miner with impunity-'* though it is liable to explode, fonning 
the elements, if heated to alniut 350^ It is very soluble in water. 

Animojuum azide, NH^Ng, is a cnUmrIcss volatile solid which if 
cautiously heated melts at itKi” and begins to sublime at about that 
lemix-rature. if rapidly heat^xl it explodes, yielding nitrogen, 
hydrogen, and ammonia. 

Cupric azidc, CiiN is a highly explosive substance precipitated 
from cupric solu(i<»ns by soluble azides. 

Silver azide, AgN3, is obtained from silver solutions and azide 
solutions. It can lie distinguislutl from silver chloride by its 
solubility in warm dilute nitric acid, or even more easily by the 
violent detonation producesi by a sharji blow. It melts at 254®, 
and ex])h«.les at a rallier higher temperature. It slowly decomposes 
into us elements when exposed to light. 

Lead azide, PhN*, resembles silver azide and has been used as a 
detonator. It exists in two different crystalline forms, one of which 
is much more dangerously explosive than the other. 

Hydrogen azide also forms interesting but unstable compounds 
in which its liydrogen atom is replaced by a halogen. 

Chlorazide, N;»CI, is a gas produced by the act ion of hypochlorous 
acid on azides in acid solution: 

HN3+HOCWN3CI t+HA 

It is a violently explosive substance liable to spontaneous detona¬ 
tion. With alkaline solutions it forms an azide and a hy]K>chlorite. 
By the action of bromine vapour on silver azide, bromazidc, NjBr, 
is obtained as an orange-red and equally explosit'e liquid, instantly 
decomposed by water. lodouzide, K3I, has been prepared as an 
explosive yellow solid by the action of iodine in ethereal solution on 
silver azide: its solutions in water, though unstable, can exist for 
a short time. 

The structure of hvdrazoic add and its derivatives has now 
been elucidated with certainty. The old cyclic formula: 



is incorrect, and the formula NizN^^NH or N sbN^^NH is in 
full agreement with the evidence. 
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Oxides ok Nitrogen 

Heats of Formation. 

Sitfous oxide, N|0, - lo.^xX) Uihogen dwxidc, NO| —7,900 

N1O4 —2,200 

^liquid) •\ about 
5,000 

ifrxc oxide, NO, —21.600 Siiro{*enpeHU 3 Xide,'S^^{^U\X) 4-13,oi>a 

N ?b o>!r » tnoxide, N —22,200 

l-iLATS OK boKMATK)N CJK J H K OxiOfcS OF NlTROURN ((’ALOKIES) 


As the itihh show^'. the oxides (»f introgon are mostly endolhernne 
crjTO)i<<mKls. tliooj'h tlu* exolh^rmic nature of lH|uid anti 

solid Nj 0 .i shoiiltl W noted. Tin* trioxide uiid jx^nloxule ait^ nii* 
stalilc at ordinary Irmi^cratnit's and are less inijH>rlanl tluvn the 
others. 

At hifih lemperaliires the stable oxide is nitric oxide, formed 
from air ut any other iinxtme of oxygon and nitrogen in accordant 
with the equation: 

Nj I 0 *v*2N0. 

'Hie formation of the oxide, is promoted by high temperature, bat 
practically unaffected by changes in pressure. At ordinary tem¬ 
peratures the equilibrium yield of nitric oxide is extremely small, 
about 0*1 per cent at 1000® and not more than 2 j>er cent even at 
2000®. The reason why uo decom|x>sition of nitric oxide can 
Ixi detected at ordinary tempciatures is that the velocily of de¬ 
composition only becomes j)erceptible at ;dK)Ut 1200® or over. 
At very high temperatures liettcr yields can bo o])taitu;d. and 
adculatkm from the van’t Hoff isochoir gives about 4*5 per 
cent at 3000®. Still higher temperatures can be reached in the 
electric arc, and the problem is of gieat practical im))ortance, since 
the combination of nitrogen and oxygen is the most obvious, nnd 
was for some years the most promising, method of nitrogen fixation. 
At the temperatures employed the velocity of reaction is very 
great, but it is absolutely necessary to provide for rapid cooling, 
as otherwise the nitric oxide decomposes as soon as slightly lower 
temperatures are reached. At 2000®, for example, the half-life 
period of nitric oxide is only a haction of a second, and (he equili¬ 
brium proportion less than 2 per cent. In all nitric oxide furnaces 
the gas stream—which may be simply air—is therefore blown at 
high speed through the arc, usually spread out so as to cover as 
large an area as possible, and is immediately water-cooled; this is 
an example of ' freezing the equilibrium/ Nevertheless, heavy 
losses of nitric oxide must take place during cooling, though the 
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yiekls oblaincd are better than could be expected from a purely 
thermal equilibrium. The yield of the process as carried out on a 
large scale with an arc at 3000^-3500® is said to be about 2 per 
cent, and Haber and Konig reached a yield of no less than 14-5 
per cent by working on a small scale and under special conditions. 
Ihis is c<msiderably more than the e<ju [librium yield at the tem¬ 
perature employed, and it nni^t I)e supposed either that the 
equilibrium is affected by the electric discharge or that some of 
the reacting gases arc dissociated into atoms. 

M&nuiactore of Nitric oxide from Air. —The electrical energy 
required in industrial practice is jil)out twenty times the bent of 

lormation of the nitric oxide ]>ro- 
(luced, and the fact ones I hat worked 
this pr'>ccss were all situated where 
cheap electrical }>owcr was available, 
and usually in the neighbourhoocl 
fd mounlain streams which could be 
adapted lo walcr-powcr for turning 
the generators. As the nitric oxide 
process made no headway against 
ilie 'ivnlhctic ammonia industry, 
which in time entirely superseded ii, 
ojilv a briet account of the Rikkk- 
i.and-Kyj)E process, as formerly 
worked in Norway, will be given. 

In this furnace llu* arc is struck 
between copjwr U-lubes cooled bv 
a rapid cunent of water pumped 
through them. Thest' electrodes 
lie along one diameter of a circular 
chamlxT about seven feet in dia¬ 
meter and made of refractory 
uuilcrial pierced with holes for the 
passage of air. The arc is spread into a semicircle by a large electro¬ 
magnet wliose pole.s project into the refractory material, as shown 
in the diagram, and whose coils lie outside the circular chamber. 
As the current supplied to the electrodes is aUeniating, while the 
magnet is fed with direct current, the semicircular arc occupies first 
one half of the chamber, then the other. Air is drawn through the 
furnace by suction-pumps connected to the central space, and enters 
on the oulsidc of the refractory material; as the furnace is circular, 
the pipes through which the air is carried to the furnace and aw’ay 
from it arc not shown in the diagram. It leaves the furnace at 
1000® or less. 

The combination of nitric oxide and oxygen to form nitrogen 
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dioxide, wliich takes place to completion at room temperature, 
is reversible at higher temperatures: 

2NO+0,^2NOt. 

On cooling, the nitric oxide in the gas stream begins to combine 
at about 620'’, and at 140'^ the action is virtually complete. The 
first stage of the cooling, down to about 200®, is carried out in 
boilers where the heat of the gases is used for raising steam, and the 
gases are then led into large cooling chambers which they leave at 
about 50^ for the towers where they arc to bo absorbed. Dilute 
nitric acid trickles down the first few towers, which are filled with 
granite blocks to increase the area of contact between gas and 
liejuid, and the next tower is supplied with water, while in the last 
is a solution of sodium carbonate containing some caustic soda 
to ensure the complete absorpiion of the nitrogen dioxide. The 
l)roduct of the first towers is nitric acid in concentration up to some 
JO per cent, while in the last tower there is produced a mixed nitrate 
and nitrite solution. Some of the nitric acid was used for the mnnu- 
facture of calcium nitrate from limestone, and for this reason the 
salt, whicli was userl as a fertilizer, was sometimes known as ‘ Nor¬ 
wegian saltpetre/ to distinguish it from Chile suHj>ctrc, an imj)ure 
sodium nitrate. 

Nitrous ozidei N\. 0 , can he made by reducing nitric acid with 
staimuus chloride ;in<l h3'doK:hloric aci<I in c;irefullv chosen pio- 
porlions, but is nearly always prepared by healing ammonium 
nitrate: 

Nll^NO^jr N5O t +2Hp. 

The gas can be freed from water and from any trace of nitric oxide 
by p;issing it through a solution of ferrous sulphate in concentrated 
sulplinric acid. The ammonium nitrate must be jMirc and free 
from chloride, and (he healing must bo cautiously carried out, for 
not only is the vessel liable to crai:k if condensed water falls back 
on to the hot glass, but the salt is also liable to explode if too strongly 
heated. 

Nitrous oxide is a colourless gas heavier than air, with a peculiar 
taste and smell. The curitms intoxication induced b^^ small 
(juanlities led to the name ‘ laughing gas' for the substance. 
Further inhalation leads to insen si bUity, seldom followed (unless 
unduly prolonged) by any ill after-^ects, and a mixture of the gas 
with oxygeu still used by dentists as a general anaesthetic. 
Liquid nitrous oxide freezes at —106*^ and boils at — qo®. 'ITie gas 
is not very soluble in water, and at 15® and atmospheric pressure 
water will dissolve only about 780 c.c. of nitrous oxide per litre. 
At low temperatures a hydrate, can be obtained from 

the solutions as a colourless solid. 
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When strongly heated, e.g. to 700^ or over, nitrous oxide is 
decomposed into its elements. It will not bum, and cannot easily 
be made to combine with oxygen, but will readily support the 
combustion of most substances that burn in air. Hydrogen burns 
in it with a large luminous flame, forming water and nitrogen, 
and charcoal bums in it, forming carbon dioxide and nitrogen. 
Nitrous oxide can easily be distinguished from oxygen or air by 
its friilure to combine with nitric oxide. It reacts with ammonia 
when heated, forming nitrogen and water: 

3N20+2NH,=4Nj+3H,0, 

and is fairly stable towards the usual oxidizing or reducing agents. 

Nitric oxide, NO.—The synthesis of this compound has already 
been discussed. It is frequently produced by the action of reducing 
agents, usually metals, on nitric acid, and in the laboratory copper 
is generally employed lor the puqwse. The reaction is usually 
represented as: 

3Cu4-8H‘ + 2 N 03 '*^- 3 Cu''+ 2 N 0 f + 4 H 2 O, 

but unless the conditions are carefully regulated, the product is 
always contaminated with traces of other oxides of nitrogen. A 
pure gas can be obtained by using cold dilute nitric acid. Care is 
always necessary in starling the reaction, as it gives out much 
heat and the velocity increases rapidly with temperature. The 
best method is to use fairly concentrated nitric acid at first and to 
dilute it before the evolution of gas becomes too violent. A pure 
gas can also be obtained by dropping concentrated sulphuric acid 
on to a solution of sodium nitrite in water; traces of nitrogen 
dioxide, nitric acid, or hydrogen chloride can be removed by passing 
the product through water. Wlmtevcr method is used, the gas 
must not be collected till all the air has been driven from the 
apparatus. 

Nitric oxide is a colourless gas, very slightly heavier than air. 
The liquid freezes at —161® and boils at —150®. At ordinary 
temperatures it rapidly combines with the oxygen of the air, forming 
nitrogen dioxide, a brown gas: 

2NO+0*=2NO„2N05^N804. 

but without the production of flame. I'he velocity of the reaction 
has a small negative temperature-coefficient. Nitric oxide is only 
slightly soluble in water, but if air or oxygen is also present it 
forms nitrogen dioxide, whicli cuxi be completely absorbed. Con¬ 
ductivity nieasurements on solutions of pure nitric oxide in water 
show them to contain a very unstable weak acid, perhaps nilro- 
kydroxylaminic acid, HiN^O^. Nitric oxide is soluble in solutions 
of ferrous salts (usually ferrous sulphate), with which it probably 
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forms a complex ion (Fc.NO)**. The pas is released wlien the 
solution is warmed, and caji be completely expelled by boiling. 
Since in some of its reactions nitric oxide shows evidence of un- 
saturation, it is interesting to find that the vapour density gives 
no sign of double molecules (^ee p. 354). 

Nitric oxide will support the combustion of certain substances 
with a great affinity for oxygen. Strongly-burning fragments of 
phosphoru-s or charcoal, if plunged into the gas, will continue to 
bum, leaving nitrogen and forming phosphorus pent oxide and 
carbon dioxide respectively. On the olher hand, burning hydrogen 
and burning sulphur are extinguished by nitric oxide. However, 
the gas can be reduced to nitrogen by sparking i( with hydrogen, 
and to hydroxylamine by bubbling it through solutions in which 
hydrogen is being produced (p. 40.5). 

Nitric oxide combines with the halogens, except iodine, to form 
compounds such as nitrosyl chloride, NOCl. With metallic oxides 
at different temperatures a variety of products may be formed. 
Some, such as litharge, PbO, are unaffected, others, such as barium 
pero.xide, form nitrites. 

BuO*4 2N0« Ba(N02)„ 

others, such as silver oxide, form the metal and a nitrate: 

2Ag20l-NO=3Ag+AgNO„ 

and some lower oxides reduce nitric oxide, forming a liiglier oxide 
and nitrogen, e.g. with stannous oxide stannic oxide is produced: 

2Su0+2N0^2Sn0jH-Nj. 

Hydrogen i>croxide forms nitroas acid if not in excess: 

Hc,0 ,-J-2N0^:^2HNO8, 
and nitric acid if in excess: 

3Hi0jd-2N0^2HN03+2HA 
Ferrous hydroxide produces a little hyixinitrite: 

2Fc(0H)j+2N0l-20H'=.-N,0,'+zFe(0H)3. 

Nitrogen triozide, N^Oj. is producofl at low temperatures by the 
union nitric oxide and nitrogen dioxide: 

NO+NO,^Ns,03, 

or of nitric oxide with oxygen in quantity insufficient to form the 
dioxide: 

4N0+ o,=2 N A. 

A suitable mixture of nitric oxide and nitrogen dioxide can be 
obtained by reducing nitric acid of moderate concentration with 
starch, or a mixture of oxygen with a large excess of nitric oxide 
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tnay be employed. When the gas stream is cooled to a sufficiently 
low temperature the nilrogcii trioxidc collects as a blue substance 
which melts at al)out — 8o^ or —90'’ and boils with decomposition 
at 2'\ Solid nitrogen trio.xicle has also boon prepared by the action 
of the electric arc on liquid air. 

At 25®(<. and 1 atm. the dissociation of the triox idc into nitric 
oxide and nitrogen dioxide leaves 10 i>cr cent of undecomposed 
trif»xide. Tlie tnoxide Ci»ni bines with oxygen, as does mlric oxide, 
t<i fi^nu nitrogen dioxhh;. and it is usually supposed to be an intor- 
mediate product in the oxidation of nitric oxide. It is immediately 
ubsorhecl by caustic alkali to form a nitrib^: 

N2O3 I aOH^.jNO/d HA 

and is indeed the anhydride of uiirous acid. 

Nitrogen dioxide, nitrogen ^ peroxide,^ NO^ and N2O4. -This com¬ 
pound is produced at ordinary temperatures as a brown gas by the 
action of air or oxygen on nitric oxide; U can also be ol)taiaed bj' 
distilling leati nitrate, I'hfNO.,)..: 

2lM)(NO,)2 2FbO+ iNO, f 4 Oj t. 

or by reducing nitric acid with arsenic trioxidc, AsAv If 
obtained by any of tlicsc* processes is p«isscd through a freezing- 
iinxtuie at about — 2i»’ llie tuirogcii ilic^xide condenses as ncarls* 
eolouriess crystals which melt at —lo^, but t<i remove any uitiogen 
tri<jxide it is well to pass oxygen through the liquid. 

The colour varies in a striking way with the temi^orature- The 
solid is colourless or very pale yellow, and melts without change 
of colour. At Jo“, however, the liquid is distinctly yellow, and at 
the boiling-point, 22^', is orange, while with rising fempcraliire the 
gas lakes on a darker and darker shade ol reddish-brown, and at 
40^" is nearly black. Similar colour-changes can be observed in 
solutions of nitrogen dioxide in solvents such as acetic acid. 
Vapour-density ineasiiremciits on the gas, and cryoscopic measure¬ 
ments on the S(.)lutioiis show that the changes can be accounted 
for by an internal equilibrium between colourless molecules, NjO^, 
and red-brown molecules, NO^: 

2N0,^N20^. 

The experimental results are in g(x>d agreement with the law of 
mass-act ion. The degree of dissociation of the double molecules 
at atmospheric pressure is 20 per cent at about 27®, 50 per cent 
at about sS'", 90 per cent at about 3 oi'*, and virtually 100 per cent at 
about 140®, At liigher temperatures nitrogen dioxide begins to 
decompose into nitric oxide and oxygen, and the colour of the gas 
consequently becomes paler. 

Nitrogen dioxide is much heavier than air. It has a pungent, 
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disagreeable smcU, and is dangeroui^y poisonous. It is comi>letely 
absorbed by water with the formation of nitrous and nitric acids: 

2NO5 hH,0=HNOj+HN03. 

and by caustic alkalis with tl^c formatum of nitriles and nitrates. 
If, however, the nitrous acid concentration rises too high, some nitric 
oxide is formed: 

‘HNOa+2NO I ILp. 

In the presence of air or oxygon in excess, nitric acid is the only 
product of the action of nitrogen dioxide on water. Nitrogen 
dioxide Is absorbed by concentrated sulphuric acid, and dissolves 
in concentr‘d ted nitric acid to form ‘ fuming nitric acid/ 

Nitrogen dioxide is an oxidizing agent, and under favourable 
conditions will support combustion. At a high temperature 
hydrogen reduces it to ammonia, while charcoal and phosphorus, 
hilt not sulphur, cun be made to bum in the ga.s. Many metals 
such as copper or nickel will reduce the gas to nitric oxide when 
heated in it, themselves forming oxides; other metals form nitrates. 
Most metallic oxides l)chave like water and give a mixture of 
nitrite and nitrate, thus with calcium oxide: 

zChOh 4 N 0 j--Xa{N 0 ,)j+Ca(N 03 )j. 

With hydrogen sulphide the products are nitric oxide, sulphur, 
and water: 

HjS+NO,^ NO4 S+HjO. 

Nitrogen dioxide does not react at ordinary* temperatures with 
the halogens. 

Nitrogen pentoxide, N20^, was discovered in 1849 by Deville. 
who prepared it by the action of chlorine on hot dry silver nitrate: 

4AgNOaH-2Clj=^4AgCl+2NA f +Oj. t. 
but is more conveniently obtained by the action of the powerful 
dehydrating agent phosphorus pentoxide on pure anhydrous nitric 
acid: 

The nitric acid is first dried by one or two distillations from con¬ 
centrated sulphuric acid, and is then mixed with a considerable 
excess of phosphorus pentoxide while the temperature is kept 
below The mixture is then cautioudy distilled, when the 
pentoxide C(j\lects in the receiver in colourless crystals. 

Nitrogen pentoxide is a colourless solid which melts at about 
30"^, and at room temperature, unless confined in a close^d vessel, 
slowly sublimes without mulling, forming nitrogen dioxide and 
oxygen. It is nitric anhydride, and dissolves in water, forming 
nitric acid and giving out much heat. It is u powerful oxidizing 
*0 
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aj^<l nilratmg agent, and m contact with organic substances may 
give rise to exjPlosions. The dccomiMisttion ultimately into nitrogen 
dioxide and oxygen is a luimogciiCMUs nnimolecular reaction, and 
has been the ohiuct of much investigathm (p. 117). It has recently 
been shf»\^'n that the solid is ionic, and represented by the formula 
no;.NO/. 


Nitrogen Ox^'h.m.ioks 

Nitrogen forms two series of oxylialides, the nifrosyl halides, 
such as nitrosjl chloride, NOCI, ;md the tiifroxyl or ttiiryl halides, 
such as nitroxyl chloride, NOjCI. To Ikhtow a term from organic 
chemistry, these are the ‘acid chlorides* of nitrous and nitric 
acids rcsjwclively, and on hydrolysis they yield these' acids and the 
hydrogen halule, e.g,: 

NOXH-Hp^HNOa+HCl. 

Nilrcigen forms no oxyiodides, and the existence of nitroxyl bromide 
and chloride has been disputed. Tlie nitroxyl compounds arc 
not very stable. 

The nitrosyl halides are all gaseous at room temperature. Tlieir 
melting'* and builiiig*|>oints are as follows: 

NOF NOCl NOItr 

Botiwg^f>vtnt — — O* >^2* 

Melting- and Boiling-points op tub NiTunsvL 11 aut>es 

Nitrosyl fluoride, NOl*', Ls a colourless gas prepared by the action 
of nitrosyl chloride on silver fluoride. It is hydrolysed by water, and 
the solution yields nitric oxide and nitrogen dioxide on warming. 
Most metals decompose it to form a fluoride and nitric oxide. 

Nitrosyl chloride, NOCl, is prepared by the union of nitric oxide 
and clilorine on a charcoal catalyst at 50**, ur by the action of nitric 
acid on numerous chlorine - containing comjiounds — hydrogen 
chloride, ferric chloride, and phosphorus pcntachloride have all 
l>een employed. 11 le must salisfaclon,^ method is to distii a mix¬ 
ture of potassium chloride and nitiiwyl bisnlphate, NO.HSO^. 
Nitrosyl chloride is present in agua regnt, and is no doubt partly 
responsible for its solvent properties. 

It is an orange gas which must be very strongly heated I'leforc it 
dissociates into nitric oxide and chlorine. It is soluble in water, 
and its hydrolysis can be repressed if the liquid is strongly acid 
(e.g. as in aqtta rc^ia). Heated in nitrosyl chloride, many metals 
form chlorides and leave nitric oxide, while others form oxides and 
chlorides and leave nitrogen. 
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Nitrosyl bromide, NOBr, is prepared bv the action of nitric 
oxide on bromine at low temperatures. Higher oxybromides of 
nitrogen have been describc^d. 

Nitryl fluoride, was discovered iu 1905. It is prepared 

bv acting on dinitrogen trtroxidc with excess of fluorine at a h>w 
temperature and fractionating the product: 

NA+F3-2N(),.F. 

and is a colourless gas with a vciy inmgent odour, which in its 
ctK niical activity recalls fluorine: it attacks glass. Nitr\’l fliionde 
melts at - ihO*" and boils at —72®. 

Nitryl chloride, NO/'I, is |»repiire<l by the combination 
nitrogt'ii dioxide and chlorine in a hot tulv‘, or by the action ol 
ehloroMiI}ihonic acid, Cl.SOg.OIl. on nitric acid: 


Cl.SO^.OHH HNO,*-NO:jCI-!-iUS(\. 

or by mixing nitrosyl chloride with ozone and ccKiliiig the product 
with H<|uid air: 

Nori-i NO«a+0,. 

It is a colourless lujuid which boils at —15® to form a colourless 
gas, decomposed by writer. 


Thk Oxy acids of Nitio^cen 

The principal nxyacidsol nitrogen are hyponilroufi acid, II-^NrOji 

niirou$ acid, HNOj. 

nitric acid, HNO.„ 

in ascending order of miiH>rtancc. Unstable derivatives of hy<lro- 
nitnuis udd, H^NO^, aiul uitrobydroxylaminic acid, HjN^Oa, have 
also been prepared. 

Hyponiteous acid, H.NgO,.—Several methods are known for 
the preparation of hyponilrites. Nitrites mav be reduced either 
w’ith sodium or magnesium amalgam or elect roly tically at a 
mercury cathode, or nitric oxide may be reduced bv fenous 
hydroxide. The yield of these pnicesses is usually poor: perhaps 
ten or twelve per cent. The hyponitrite is isolated from the 
resulting solution as the insoluble silver salt. The free acid is 
obtained by suspending the silver salt in etlier and adding a solution 
of hydrogen chloride in ether, then filtering off the silver chloride 
and evaporating the ethereal solution of the acid to dryness. It 
is a colourless crystalline solid, very unstable and liable to 
spontaneous explosion. The aqueous solution liberates nitrous 
oxide even at room tcmjvrature: 

H|NA“N ,0 t +H, 0 . 
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but the acid cannot be made by combination of nitrous oxide and 
water, and nitrous oxide should consequently not be described as 
liy|Xjnilrous anhydride. Cryoscopic measurements show the acid 
to exist in double molecules in solution, and it is weak and dibasic. 
It is a powerlul reducing agent, usually forming nitrous acid. 

Sodium hyl>onitriic, KajNjOg.sHjO. can be obtained in small 
crystals by the electrolysis of sodium nitrile solutions at a mercury 
cathode. It can be dehydrated in a vacuum. 'I'he soluti<ui 
liberates nitrous oxide on toiling: 

Np/H-HsU’^NjO t +30H'. 

but the solid is stable up to 3(>rA when it decomposes, at lacking 
even glass and platinum. 

Silver hypomiriU, Ag^N^Oj, is a p<ile yellow sail jirccipitalcd 
from hyponitrite sf>lulioii.s by silver nitrate. It is unaffected by 
boiling water, but on heating ulono gives silver and nitric oxide, 
with a little silver nitrate. 

Nitrous acid, HNO^, and the Nitrites.•-Nitrous acid has never 
I>ecn isolated, but it can be obtaincil without dilhcully in solution 
by acidifying cold solutions of nitriles, or, lcs.s conveniently, by 
Ihe action of water on nitrons anhydride, nitrogen trioxidc, NyO^. 
The niliites can to prepared: 

(i) from the siMlium or ]x>tassiuin .salts, prepared by healing 
the nitrates with or without reducing agents: 

2KN0s^ 2KN0.+ 0, t; 

(ii) bv the action of oxide.s of nitrogen on utjuoous sohitinns. 
ihii'^ nifrc^en dioxide gives a mixture ol nitrite nnd nitrate: 

2NO^+20n'=:N04'H-N03'+HA 
A mixture ol nitric oxide and dioxide iu the nght ])ro{M>rtioni^ 
gives pure mtrile: 

N0+N0g+20H'=2N0/ f np; 

(iii) by reducing nitrati*s: thus in the presence of lime sulphur 
dioxide will reduce nUnite.s to nitrite's: 

NO3'+SOs+Ca0=N0/-| CaSO^. 

Nitric acid can be partially reduced by nitric oxide, but Uie 
action is reversible: 

2NO+HNO3+ 1L0^>3HN0.^: 

(iv) by oxidizing nitric oxide, either h> above with nitric acid, 
or with hydrogen peroxide or barium dioxide. The oxida¬ 
tion with hydrogen peroxide must btr carefully controlled, 
or nitric acu! will be produced. 

2NO+H30,=2HNO,. 
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The nitrites are mostly colourless or pale yellow substances 
soluble in water, but some of the complex nitrites, such as potassium 
cobaltinitrite (p. 807), are insoluble. Nitrous acid is a weak acid, 
dissociation-const ant about 5XJO“*, hcncc its salts are slightly 
hydrolysed in solution and have a faint idkaline reaction. Nitrites 
may have a weak oxidizing nr a weak reducing action. Tlie oxidiz¬ 
ing action is promoted by acidity, but the peculiarities of the other 
substance concerned are often more important: thus ferrous salts 
will reduce nitrites in all circumslances. The general equations are: 

2N0,'-h2H-^2N0+H,0 1-0 
and NO/|-HjO«NO,'+2H. 


J*lie favourable effect of aridity on the oxidizing powers of nitrites 
may bo atlributinl cither to the hydrogen ions consumed or to the 
disruptive elfect of acids on the nitnius acid iix^lecule, ON.OH, 
whicit contains a hydroxyl group united to the <‘k‘mcnts of nitric 
oxide, i.c. a nitrosjd group. In certain reactions, mainly involving 
rarb(ui compounds, nitrous acid can split off a liydnixyl group (not 
ion) to form water. The other pnxluct is called a vHruso^compouud, 
Nitrite solutions are <lcrom]M»si'd by boiling; this ls a simultanc^nis 
oxidation and reduction: 


SNOZ-mpr.-NO/ I 2NO t 4 2OH'. 

The decomposition is slow in the cold, but can lx? accelerated by 
removing the nitric o.xidc as it is fonned, as for instance by passing 
through the liquid a stream of some indifferent gas, such as nitrogen. 
Neutral nitrite solutions are stable towards atmospheric oxidation, 
but this takes jdace even in (he cold if the solution is acid. The 
small quantities of nitric oxide j>roduccd arc oxidized by the air 
to nitrogen dioxide, which, with more atr, is absorbed by the 
solution, producing nitric acid. Tlie total reaction is then: 

2NO/ hO.--2NO/. 

Since concentrated nitrous acid solutions decompose, solid nitrites 
give brown nitrous fumes with concentraterl sulphuric acid. 

Air, ozone, hydrogen peroxide, broinates, iodates, permanganates, 
and ceric compounds are among the substances which in suitable 
circumstances will oxidize nitrites to nitrates. In acid solution 
hydrogen sulphide is oxidized to sulphur, sulphites to sulphates, 
and ferrocyanides to ferricy€anidcs. The case of iodine is instructive, 
for in acid solution iodides are oxidized to iodine, while in neutral 
or alkaline solution iodine is reduced to an iodide. The equations 
are: 


and 


2 N 0 /-f 2rH-4H*^2NO t +h+ 2 Hfi 

N6/-h^+H,0*-N0/+2H*+2r. 
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Since nitric oxide, the product of the reduction of nitrous acid, can 
itself be reduced without much difficulty, the action of vigorous 
reducing agents on nitrous acid and the nitrites may produce not 
only nitric oxide but also hydroxy lam inc, nitrous oxide, nitrogen, 
or ammonia. 

Sodium nitrite, NaNOj, is prepared on a large scale from oxides 
of nitrogen. The hot mixed gases are passed into caustic soda, and 
the mixture of nitric oxide and nitrogen dioxide produces a fairly 
pure salt. Large quantities of MMlium nitrite are consumed in the 
dye industry in the manufacture of diazo-compounds. Sodium 
nitrite may also be prepared by heating sexlium nitrate, but as it is 
difficult to stop the decomposition exactly at the point required, 
it is best first to mix the nitrate with a reducing ^ent. Lead is 
often used; 

Pb+ NaNOj^PbO 4 - NaNO*, 

and the nitrite can then be obtained from the product by extracting 
It with water, in which it is extremely soluble: it absorbs much heat 
on solution. It melts at 271'’, and on stronger heating decomposes 
with the formation of sodium oxide, nitrogen, nitric oxide, and 
sodium nitrate. 

Foiaisium nitrite, KNO,, is very similar to the sodium salt. 

Sodium hydroniiriie, Na^NOj, is obtained by mixing solutions of 
sodium and of sodium nitrite in liquid ammonia. It is a yellow 
solid which reacts violently with water, behaving like a mixture 
of sodium and sodium nitrite: 

2Na,N0,+2H,0^H, f +2NaOH+2NaNOj^ 

Nitric acid, HNO3.—Two methods of manufacturing nitric acid 
on the large scale from atmospheric nitrogen have already been 
described: the oxidation of ammonia (p. 3<)o), and of synthetic 
nitric oxide (p, 411). The former now covers the greater part of the 
world's consumption, but an older process, in which a nitrate is 
distilled with concentrated sulphuric acid, is still carried out. 
Potassium nitrate is sometimes preferred to sodium nitrate, as it can 
more cn^ilv be purified by rccrystallization. The action is: 

KNOj+H^O^^-HNO, t +KHSO4. 

so thai half the suiphoric acid is not used, but this action takes 
place at about 200®, while the conversion of potassium hydrogen 
sulphate to potassium sulphate requires a very much higher tem¬ 
perature and a more expensive plant, while some of the nitric acid 
is decomposed. The stills arc made of cast iron, and the water- 
cooled condensers of special acid-resisting alloy or sometimes of 
glass. Not all the nitric acid is condensed, and it is necessary to 
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pass the Issuing vapour through towers in which it meets a descending 
stream of dilute acid. In order to avoid decomposition of the 
nitric acid, which is perceptible even at 200“, the distillation may 
be carried out at a lower temperature by reducing the pressure. 
Nitrogen peroxide dissolved in the product can be removed by 
blowing air through it. If fuming nitric acid is required, the process 
can be carried out at a higher temperature. The ' still' method is 
now obsolescent, and will doubtless soon be abandoned nllogether. 



In the laboratory fuming nitric acid is prepare<l by distilling con¬ 
centrated nitric acid with sulphur or starch, when the nitrogen 
peroxide produced by reduction will be found in the distillate. The 
commonest impurities in commercial nitric acid are hydrochloric 
and sulphuric adds. They arc removed by adding silver nitrate 
and barium nitrate, filtering and distilling under reduced pressure. 

Properties.—At low temperatures nitric acid is a colourless solid 
which melts at —41®. Pure nitric acid cannot exist above this 
temperature, as the liquid is slightly dissociated into nitrogen 
pent oxide and water. It is soluI>le in water in all proportions and 
forms a constant-boiling mixture which boils at I20«5® and contains 
68 per cent nitric acid as HNO3: density 1-41. The acid can be 
further concentrated by distillation under reduced pressure with 
concentrated sulphuric acid, and a liquid 100-per-cent HNO^ by 
calculation can be prepared by the addition of nitrogen j)oiH oxide, 
but it contains free nitrogen pent oxide. The density of this acid 
is 152. Hydrates HNO,.HjO and HN0.v3H,O have been prepared 
at low temperatures. Concentrated nitric acid has a pungent 
smell and fumes in the air. 
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In aqueous solution nitric acid is a strong monobasic acid, but 
in certain non-aqueous solvents sudi as methyl alcohol, in wliich 
l>ercliIoric acid retains its strength, nitric acid is a weak electrolyte. 
In concentrated aqueous solution, too, it displays peculiarities; it 
IS considerably ass(K:iated into double molecules, which ionize as 
follows: H^jNjOgT^njO+NOg’-f'NO,'. The nitronium ion NO.’ 
fornjs sJilts such as the perchlorate, and is the active agent in 
nil ration (p, 125). 

Nitric acid acts a.s n ha.^e in anhydrous HE: HNOg 
F'-l NOy-l-HjO. 

The oxidizing jx^wers of nitrates arc greatly dej^endent on the 
presence of water and on the acidity of the solution. Fused sodium 
and potHssiunv nitrates aie very powerful oxidizing agents, used 
in fusion mixture to bring refractory mctuls or minerals into solu¬ 
tion. 'J’ho oxidizing power of the nitrate ii*n in nculnd or alkaline 
b<dulion Is, huwcvttr, verj' feeble, while concentrated nitric acid is 
a powerful oxidizing agent, and I lie fuming acid very powerful 
nuleed. The concentrated acid oxidizes pho.spharus to phosphoric 
add, sulphur to .sulphuric acid, and iodine to iodic acid. Hydrogen 
chloride is ])artially converted to cliloriuc and nitrosyl chloride. 
A mixture of llio two acids in the projwtion of one part of nitric 
acid with three |)arts of hydrochloric acid is a powerful solvent 
which will <hssolve gold and has l>eeii known for centuries under 
the name <»f at/ua regia. Dilute nitric acid will oxidize hydrtigcn 
sulphide to sulphur, and ferrous salts to ferric salts on warming. 
The bright yellow cohmr productnl by the action of concentrated 
nitric acid on skin, hair, wood, or other organic substances is due lo 
yellow nilrO'Compounds, c.g. picric acid. The vapour, too, has 
powerful oxidizing properties; in the vapour state nitric acid is 
partially dissociated into nitrogen dioxide, oxygen, and water: 

4 HN 03 ^ zHjO+O,. 

and at high tonipcruturcs nitrogen and ox3'gen make their appear¬ 
ance. D('C<)rn}K)sitiun of the vapour, but not of the liquid phase, is 
enhanced by exjM>sui*r to light. 

The reduction of nitric add may yield, according to the circum¬ 
stances, nitrous or hyponilrous acids, nitrous oxide, nitric oxide, 
nitrogen dioxide, nitrc^cn or ammonium or hydroxyl amine 
compounds. The action of Hie acid on metals is tlieR’fore 
highly conijjlex, and the pnxisc nature of the reactions which 
take place has been the object of prolongerl, though somewliat 
unfruitful, controversy. Though hydrogen is extremely seldom 
produced by the action of nitric acid on a metal, yet gaseous 
hydrogen is unaffected by nitric acid, except in the vapour 
state and in the presence of a catalyst. There is a considerable 
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flifferonce between the reducing powers of gaseous and ' nascent ’ 
hydrogen. Mirny metals, such as iron and nickel, become passive 
111 the conccntraled aci<l, a phenomenon which, with iron at 
least, has been trac<Hl to the foniiation of :i lilm of oxide. NitvK* 
(jxidc, intn^gen dioxide, nitrites, nitrates, and nmnmniiim coin- 
jiouuds are the commonest products <d tlie action of the acid on 
nu'tals. 

'riie volatility of nitric acid is ron)j»arab1e willi that of hydro¬ 
chloric aciil, and when cblondes are heated with mtuc acid a 
balanced aclirni takes plaee: 

kCH HXO3-'KNO3 hHCl. 

the result depaiding on which aeid is present in exeess. On the 
oilier hand all nitrates can l>c completely converted to snlpliales 
by ignition with excess of the much less volatile sulphuric acid. 

Nitric acid is used on the largo scale in the manufacture rif 
fertilizers, dyestuffs, explosives, and orcpmic chemicals. In tlu' 
laboratory it is used in the prepuratum of nitrates and nitro-coni- 
p<iimcls, as a .solvent, and as an oxidizing agent. A solntioji of a 
diclironuile in concentrated nitric acid is used for cleaning glass 
ajiparatus. 

the riinj»le inorgiiiiic nitrates arc soluble in water; 
they may he detected in solid ion hv the ' brown ring ’ tt‘st (p. 704), 
i>r i>\ Uk' wliite prerijiitale they give with ' nitron ' (dipheuylendo- 
amlodiliydrotnazole). Nitrates an* olten hydrated, and several 
nitmtis of weak bases (e.g. aliiminiuni nitrate) have never been 
]>repared anhvdnms, as hydrolysis takes place on licating. 

Nitrates are decoinby fiealing. Ammonium nitrate gives 
nitrous oxide aii<l water, the alkaJi-inctal nitrates give oxygen ami 
a nitrite, otlieis give an oxide (or metal) and oxides of nitrogen, 
sometimes aecumi>anicd by ux>*gcn (c.g. lead nitrat(f). 


NnTOH.HN HaLIDI'S 

Nitrogen Suoride, NF3, was disj'overed in igsS. It is a colourless 
gas pre)>ared by the electrolysis of fused ammonium hvdiogea 
flujaide, NII^TIE,. The liquid freczi^s at — 210'' and boils at — 1 n/. 
Nitrogen fluorid<5 is quite unhke the chkiridc and is very stable. 
It is insoluble in water, and u no fleeted by water, caustic alk.ali. 
^;la5s, mercury, or magiiancsc dioxide, but it can lx* decomposed 
into nitrogen and hydrogen fluoride by sparking with Jiydrogen. 

Nitrogen chlonde« NCIj, was dLscovored by Dulonc; in i«ii. 
Ho was seriously injured (losing an eye and some lingers) in an 
c.xplosion to which the new sulistance gave rise, but continued to 
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inve‘^tigatc it. Since nitrogen chloride is liable to spontaneous 
detonation. it must never l>e prepared, without special precautions, 
in quantities larger than a drop or two. 

It Ls prepared by the action of chlorine or hypochlorites on 
ammonium salt solutions at a temixTature of yf ur 40 . The 
reactions are: 

nh, i3CI, 

and 2NH/ i 70Cr-.^-J« !54 4CrH-4H,04 NO3'. 

bnt the yield always jKK>r, as dpcomjiosition into nitrogen and 
chlorine takes idacc. The solution must not l>c alkaline, or chbn- 
cimine will Ik* pro<lurt'd (sec hy<lrazine, p. 403). The ammonium 
solution IS the hrst pnxhict of the action of chlorine on aqueous 
atnnuKiia, so if the rhkjrinc is in exass nitrogen chloride may be 
produced from chli»nne and lupu^ous ammonia. 

Nitrogen chloride is sometimes called nitnigeii trichloride to 
<listmguish it from chlora/.ule {ji. 40S). It is a heavy yellow 
oily Ikjuid insoluble in cold water, hv which, however, it is .slowly 
dccoin|K>scd with formation of hypochlorou> acid and ammonia: 

NCl3+5H,0-NII,.| 3HOC!. 

The hyiKHihhiritc then oxidi/.cs the ammonia to nitrogen and 
nitric add. With hydroc hloric acid instead of water the action is: 

NClj [ 4Hn-=3a5| i-NH,Cl. 

Nitrogen chloride is a covalent compound; it is vohitih^. evaporating 
freely in the air. arid is soluble in liquids such as benzene or carbon 
tetrachloride. Many organic substances, however, bring about 
immediate explosion into nitrogen mid chlorine; sunlight and 
shock liavc tlic same elfect. The solutions dccompc^se quietly 
when exposed to light. Sec also chloramine (p. 402) and clilorazide 
(p. 408). 

Nitrogen bromide has (probably) not been prepared, but a com¬ 
pound NBfg.liNHj i.s obtained by strongly cooling a mi.xlure of 
brr>minc vapour and ammonia at low prc'ssiire. Nitrogen iodide» 
NIj, WHS first prepared in 11)31 by the action of ammonia on com¬ 
plex iodides. The name had previously been given to a substance 
once sup|H>scd to have the comjxjsiticm NI3, but now kmiwn to be 
N2H3I3, jX)ssibly NH5.Nl 3. It is prepared by the action of excess 
of iodine on ammonia in various solvents, such as aqueous iodides 
or alcohol, as a black solid insoluble in water. The moist substance 
is safe, but the dry solid explodes on the slightest provcK*ation, 
forming nitrogen, iodine, and ammonium icxlide. Din^ct sunlight 
causes exj)losion, but if the nitrogen iodide is under water it may 
decompose quietly. 
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Nitrogen Sulphides 

Ordinary nitrogen will not combine with sulphur, but nitrogen 
tetresulphide> N4S4, can be prepared by passing ammonia into a 
solution of sulphur dichloridc in benzene: 

i6NHa+6S«CI,=N4S4+i2NH4ai + 4 S,. 

The ammonium chloride is filtered off, and evaporation of the 
solution produces large orange crystals of the tetrasulphide, which 
can be rccrystallized from l>enzene and further purified by sublima- 
tiem under reduced pressure. The crystals aic alino.st inodorous: 
they sublime at about 170® and decompose into the elements if 
heated to a much higher temperature: rapid healing or shock leads 
to violent explosion. Nitrogen tetrasulphide is slowly decomposed 
by water, iorming ammoniiun salts of conjplex sulphur oxyacids, but 
it is soluble in many organic lirjuids, and freezing- and boiling-point 
measurements on these confirm the formula 
Nitrogen pentasolphide, N^, is prepared by heating the tetra- 
.sulphide with carbon disulphide under pressure^ and is a grey 
solid melting at to form a dense red liquid. It slowly decomi^ses 
inti) sulphur and the tetrasulphide. 


The Atomic Weight of Nitrogen 

The best determinations of the atomic weight of nitrogen are 
those of Richards and his collaborators. In the 1907 exj>eriinents 
the weight of silver nitrate obtained from a known weight of silver 
was delcmiined, and in 1909 they measured the weight of silver 
chloride obtained from a known weight of ammonium chloride. 
The atomic weights of silver and chlorine had previously been 
determined in the same laboratory with extreme accuracy, and 
these experiments were no less successful. The original papt*rs 
are of great interest [J. Atner. Chem. Soc., vols. 29 and 31), but here 
we sliall give only a summary of tljc second series of measurements. 

Ammonium chloride was chosen because it can so easily be 
purified by sublimation. Non-volatile impurities are easily elimi¬ 
nated by passing pure ammonia into pure hydrochloric acid in 
water, and the most obstinate impurities are amines and other 
organic compounds. They were oxidized by boiling ammonium 
sulphate with concentrate sulphuric acid and a little potassium 
permanganate in a Jena flask until the solution was colourless. 
After cooling, the salt was dissolved in pure water and the ammonia 
driven off by warming with freshly-prepared lime. It was absorbed 
by pure aqueous hydrochloric acid and the chloride recovered from 
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the solution by evaporation. All these operations were earned out 
in enclosed vessels to exclude dust, and to prevent contamination 
b\’ burner gases all heating was electric. 

The ammonium chloride was then puriliGd by sublimation. This 
proce^^s is apt to introduce new errors, due to interaction with the 
glass of the ves.sel at the temperature employed, or excessive 
diffusion of ammonia, which is amsiderably lighter than hydrogen 
chloride, the other product of dLssneiation of the vapour. To 
avoid the first source of error only quart2 vessels were used, and the 
ammonium chloride was sublimed in a stream of ammonia to 
prevent dissociation, and to remove any free hydrogen chloride 
wliich might be present. The ammonia was obtained by warming 
a 5atiirate<i solution of the pure gas in calcium chloride, drying il 
witli lime, and freeing it from solid p;irticles by passing it through 
cot ton-wool and a {wrcelnin diaf>hr€igm. 


Ground 

joint 


Wei^Kind 
/ bottle** 



Tube containtn(< 


of weighing bottle 
^ Glass liainmer 


lOO TjII^ llAnVAKl> AM'AKATUS 


A second sublimatum Wiis then carried out in the* vacuum from 
a Sprcngel pump. The short wide tul>e in which the salt had 
been collected was joined to a similar tulw by a ground joint at 
one end, and the two tubes were placed in a wider tube winch was 
then evacuated. By suitably placed heating coils the ammonium 
chloride w;is then bublimed from ojie tube to the other in which 
it was to be weighed, Tlie bottling was carried out in the Harvard 
bottling apjxiratus, an ingenious device w'hich makes it possible 
to weigh witiiout difficulty substances which undergo slight changes 
of weigiit when exposed to the air, whether by absorption of water 
or carbon dioxide, or by oxidation. It consists of a wide glass 
tube with a tap at both ends, a ground joint in the middle, and a 
side-tube to contain the aip of the weighing-bottle and a small 
glass hammer. The salt to be weighed, contained in a tube or 
boat, is placed in the left-hand end of the apparatus, and the 
weighing-bottle on the right. The salt can now finally dried by 
heating it in a current of nitrogen or any suitable gas or in a vacuum, 
and by tilting the tube allowed to slide into the weighing-bottle. 
The tube is then tilted so that the cap of the weighing-l>ottle falls 
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into position, where it is secured by a few taps from the glass 
hammer. The weighing-bottle can then be transferred from the 
apparatus to the balance, and during the whole operation the 
salt has been protected from the air. 

The weighed ammonium chloride was then dissolved in pure 
water in a Jena flask. The water for these experiments was 
obtained by distilling a weak solution of potassium permanganate 
(to oxidize possible organic impurities) into a platinum condenser. 
The dilute solution of ammonium chloride was then treated with 
excess of a dilute solution of silver nitrate which had been prepared 
by dissolving pure silver in nitric acid and evaporating to dryness. 
The silver was purified by precipitation as chloride, reduction to 
the metal with invert sugar and sorlium hydroxide, and fusion in 
a boat of pure lime in an atmosphere of hydrogen to avoid oxidation. 
The precipitation of silver chloride was always carried out in a 
d«arkened room to prevent the change which light brings about in 
this substance. 

The precipitate was brought on to a Gooch crucible and well 
washed with water. Silver chloride has a very small but nevertht*- 
less ])crccptible solubility in water, and consequently s<>me of it 
is carried away in llic wash*water. The amount thus removed 
was allowed iov by a device duo to Kichakds called the nephclo- 
mctcT. The wash-water is treated with excess of a solution of 
silver nitrate, and the silver ion concentration is thereby increased 
to such an extent that the solubility-product of silver chloride is 
again exceeded and the solution tM'Comcs opalescent. By comparing 
the iiegree of opalescence with a number of standards derived from 
solutions of known strength, the concentration in the wash-water 
can be found and allowed for. 

'1*11C atomic weight of nitrogen from this research was found to 
be 14*008; the synthesis of silver nitrate gave 14*013, a difference ol 
one part in two or three thousand. 
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GROUP O 


TIIL JNHKT CASUS 

HKl.irM, NKOM, AK<iON, Kl<VI*T<»N. \KNON, [«ATK)N] 

He - 4'On^. Aloffitc Nttwhcr, 2 . Ki -- SpSo. Atomic Sn»ihcr, 36 
Nc 20*I Atomic Nttmhcr, 10 Xc 131*30. Atomic Xumhcr. 54 
A J0*0-n. AUmic NvnihiT, iK , [Un 222. AiontfcXiiinl>cr,>^iy\ 

History. In J7S5 ('avunjusu c.itjsal atmo^phiTK* <i\yf:en a ml 
to comliine by njcuii'** of tbe t-lectric spinlc, afldutl an 
cxc'cvs ol o\yj^a*M, aiul al)s<»rlj<‘d tla* rosnltinfi oxhks of rntro^Mi 111 
alkali. He found that however Umijj the sparkuij' \va^ conlinned 
atul however i'vvni un r\c<*ss <»1 n\y^cn was used, a snail bnbhlr' of 
n*TTiuined which could iiol Ik* ahvirlxsl. 1 ‘lus uas was ai^'on, re- 
thscuvered only a r<*ntiii'v later, but the chenneal knowledf^c cd Mie 
time was n<»l si)ftiei<*nt to enable Cavendish to understand fullv 
the result rd his exiXTinwnt. 

The matter received no further attention till 1S9.1. when laaa> 
Kaylkkui <»hsen’ed that the densilv ol nitrogen prejxio'd Irotii 
ammonium nitrite was alHuit halt td 1 \H:t (vut less than the 
density of the fjas obtained bv ic'mi»vmg o.vy^'en, \vaI(T-vapour, 
ami carbon dioxide fnun air. 'PIm* ^IHIerenre, ctnisulerublv ^ieal<*r 
than the exp<*nmental crr<»r, simnctl to iiulicab* the |in*seii(*e of a 
li^dil fjas in the (irsl product or a heavv ^jjls in the set'ond. The 
second alternalive seemed llie more probable, and Kwiiac.H and 
Ramsay made an expelimenl to lest it. 'riio oxyt;<*ii vv'as removed 
Irom tlrv an* with hot co]>)X‘r, and the nitrogen with hot maf^nesiuin, 
w'hich combines with it to form m;u*i]esimn nitnde. A residual 
l^as was obtained uiiaffi'cted by either tieatmont and fnrmiu^^ 
nearly 1 per cent of the orii'inal volume <d air; this new /^as was 
called ur^on {from the (jrtvk. meaning 'law.* on account of its 
remarkable lack of chemic^il projicrties). The stor\' of the dis¬ 
covery, w'hich excited great public interest at the time and is one of 
the romances of mcxleni chennstrv, should be read in The Discovcf v 
0/ the Rate (utKcs, by Tr-AVIlRS. who himself tcjok an active part in tlie- 
work. Ramsay's (rases of the Aiwos/>hcrc slimild also 1 r* consulted. 

ll was known that certain scaux* minerals, among them cleveite, 
Innusheil gaseous nitrogen wlien heated or when deconijxiscd by 
yH>werful solvents, and after the discovery of argon in the air it 
was thought that it might also be found ;issociatcd with the nitrogen 
from these minerals. Spectroscopic examination of the gas dis* 
closed lines winch could be attributed neither to nitrogen nor to 

42H 
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argon, but which had been noticed in 1868 by Lockyer in the 
spectrum of the sun's corona, and had been attributed to a lu-w 
element which he had caUed Itclium, Meanwhile the fracUonni 
distillation of crude liquid argon was successfully accomplished, 
and yielded besides helium three entirely new gaseous elements, 
•neon, krypton, and xenon. These are all present in air, but in 
very sniaU quantities, argon being very much more abundant than 
any of them. A litre of crude argon oblaincd by removing oxygen, 
nitrogen, and im]>urities from air contains the following volumes of 
other rare gases, in cubic millimetres: 

hclhm, 550; neon, 1,600: kryph'U, 5 (?); xenon, less than 1, 

When it is remembered lliat a litre contains a million cubic milli¬ 
metres, the enormous preponderance of argon will be realized. 
Argon itself is present in air to the extent of 0*9;^ per cent by 
volume, so it can scarcely be called a rare gas, since many millions 
of tuns are available in the earth's atmosphere. Large quantities 
of helium have been obtained from natural gas in certain parts of 
the United States. These natural gases issue from vents in the 
ground, and may contain nearly 2 per cent of helium. 

Isolation .—The best method for preparing imj)ure argon from 
air is to remove tlie oxygen with hot copper and to absorb carbon 
dioxide and water with caustic alkali followed by concentrated 
sulphuric acid. The nitrogen is then removed with hot magnesium, 
leaving a residual gas consisting mostly of argon. Commercial 
oxygen which has been made by the liquid air process is also a 
convenient source of argon, of which it may contain as much as 
4 per cent. Neon for discharge tubes is obtained by the fractional 
distillation of liquid air. The air is first separated by fractional 
distillation into oxygen and nitrogen, the neon and helium being 
associated with the nitrogen. Since neon boils at —246® and 
nitrogen at *—195^ there is no difficultv in separating the two 
gases. Traces of nitrogen and oxygen can be removed from the 
neon by absorbing them in charcoal cooled in liquid air. The 
charcoal absorbs oxygen and nitrogen far more readily than it 
absorbs neon. Neon free from helium can be obtained, if required, 
by solidifying the neon with the help of liquid hydrogen at —253°, 
leaving the helium, which boils at —269^, uncondensed. 

Uses.—Argon, carefully freed from oxygen and nitrogen, is used 
in filling a certain type of electric lamp, since certain metals used 
for the filament react even with nitrogen at the very high tem¬ 
peratures readied. Helium has been used in the United States 
to fill airships: it has the great advantage over hydrogen that it 
cannot be ignited. It is true that it is twice as heax'y as hydrogen, 
but the lifting power of a gas depends not so much on its density 
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as on the difference between its deasity and (hat of air; the lifting 
powers of Ijydrogun and helium arc nearly ecjual. Helium, w'hich 
has the lowest boiling-point of any known substance—about 4® 
above the absolute zero—was first liquefied by Kammkrlingh 
O wNKS in Kjoy, and solid helium, which melts at less than 1" 
absolute, lias also been prqwrcd. Ttic liquid has been used in 
research for producing very low tom}>eratures, and a mixture of 
helium and oxygeJi is somclimcs supplied to deep-sea divers instead 
of air, as he hum is less soluble than mtr<jgen in the blood. Neon 
gives a brilliant scarlet in the discharge tube and is widely used 
m advertising signs. 

J'he advances in pure science which have been made possible 
by the discovery of the inert gases greatly outweigh any practical 
benefits which have resulted from that discovery. The identifica¬ 
tion of helium as a disintegration product of the atoms, first of 
radioactive and then of other dements, was made possible by 
Ramsav and Rayleigh’s discovery. Neon, too. was the first 
element to be partially separated into its isotopes. The inert gases 
arc also of the greatest importance, as has already been shown, in 
the study of the periodic table, and provided the necessary clue 
to the elucidation of atomic structures. Radon, or radium emana¬ 
tion, is one of the inert gases, but does not, so far as is known, 
accompany them in detectable traces in the atmosphere. 

Some of the physical projHrties are shown in the (able; 
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Properties. —Tlie inert gases are all colourless and without taste 
or smell. They arc only slightly soluble in water, but argon and 
neon arc more soluble than is nitrogen. Excluding the gaseous 
ions which occur in di sell urge tubes under high potential, it is 
probably safe to say that they form no compounds. The atoms of 
the inert gases will not combine even with each other, and the gases 
are monatomic at all temjx^nilures. Tlie solubility relations in the 
case of argon, krj^pton, and xenon are believed to indicate the 
existence of hydrates (bH^O), and there is nothing unlikely in .such 
a view, for the water molecules might be attached by a new com¬ 
plete ring of electrons round the inert gas atom. 
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GROUP I 


LITHIUM, SODIUM, POTASSIUM, RUBIDIUM, CAESIUM. FRANCIUM, 

( OPPER, SILVER, GOLD 


Group I occiijncs one o{ the oxtreinitios of the pcruKlic 
tabic. Ttie subf'roups are very dilTercnl in cluiracliT, 
for while Snbyroiip A doscly resonihles Uie two typical 
«'U*mcnts, Subf^roup B has but few C(»nncctions with 
them. 

To show liow .sharply this {jruup Is divided into two 
by tlie proiwrlics of the e]ein<*nts and tlicir aimptmnds, 
it is necessary only to quote the ^tandaul (Icctnxle 
potentials (here, as tlirouRlMMit the lxH)k, on the 
iiydrof^eu electrode scale) and tlic mclting-poiiits of 
the elements: 
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The detennituilinn of tlic staiiiLird polenlial cannot be made 
(liiectly fnr tlie alkaii-mrUils (lithium to cieshim) because they 
d‘‘CoHiptise water: it lias been obtained by the use of dilute amalgams 
(i( the mclals. The figure's for gold and ajpiicr refer to univalent 
ions. The comparison shows that <*oj)|)cr, silver, and gold are 
noi)lc metals, while the alknii-mctals have low melting-points and 
drrom]>ose waler. Soduim, potassium, rubidium, and caesium 
cr^'stallize in body-contrc‘d cubes, ojpiicr, silver, and gtdd in facc- 
ecnlrcd cubes. 

Francium .—In i()3i Parish and Wainer claimed to have 
discovered traces of element K<l 87, hitherto known as cka<acsinm, 
m the iniiieTAl saviarsidic, which also contains the other alkali- 
met «als. By fractional recrvstallization of the alums the rubidium 
and cricsiuni were collected in one part of the sample, but that 
tliis material, Avlieii examined in the X-ray spectograph. gave lines 
characteristic of element 87 has not lx:cn conlirmed. Recently an 
clement with this number (fnmeium, Tr), having /t-ray activity and 
a half-life i>eriod of only 21 min., has been detected in the decay 
products of the <i-aclivily of actinium: 
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Typical Elements ako Subgroup A 


The tabic gives some fundamental ph5rsical properties: 
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This is the most hoinoRcncons of all the groups of the pcricxlic 
table, except Group 0 , and the chemical projKirties of the eminent s 
and their comi)oiinds arc very similar. None of them diverges 
from univalency, and they arc always positive in their compounds. 
I'ew covalent compounds of the alkalUmotals arc known, but the 
ions may form covalent complexes with water of hydration. This 
is due to the fact that their atomic numbers arc all one highor 
than the atomic numiKT of an inert gas, so that the atom has a very 
great tendency (as mensiired by the electr<idc jxjtcntial) t*> lose an 
electron and l^coinc an ion with the very stable inert-gas electron 
structure. Nearly all their salts are very soluble in water. Polus- 
sinm, rubidium, and caesium have larger aU»nuc volumes than 
any other element, and llic splits of all the alkali-metals, with one 
exception, arc compk'tcly dissociated in solution. IJthium, with 
a comparatively small atomic volume, is distinguished from tJu* 
others by a resemblance to magnesium, the second member ')f 
the next group, a phenomenon that occurs more than once in tlic 
periodic table. It is the only member of 11 ic group U) form a 
nitride by dirt^cl combination; its carbonate, plK>sphat(\ and fluoridt* 
are (mly sligJdly soluble; its ion shows a feeble tendency In form 
cdmplcxcs with ammonia; some of its salts are very s<jluble in 
organic solvents, and conductivity measurements show these solu¬ 
tions to amtain undissociated ion-pairs, which perhaps occur to 
some extent in aqueous solution as well. The solid salts of lithium, 
and to a less degree sodium, show a tendency to take up water of 
crystallization, and the degree of hydration of the ions decreases 
from lithium to caesium, which accounts for the observation that 
the ionic mobility increases from lithium to caesium (p. 153). 
Rubidium and caesium are chiefly distinguished from the lower 
members by their greater electro]X)sitive character and the power 
of forming per halides stable in the solid state. 

History.—Sodium and potassium, the two most abundant 
members of the group, liave been known in their compounds fn^m 
\'ory early times, but were first clearly distinguished by Marggkaf 
in the second half of the eighteenth century. Litljium was dis¬ 
covered by Arfvf.dson in 1R17. Rubidium and caesium were 
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discovered by Bunsen and Kikchhoff in i860 by the method of 
spectrum analysis: rubidium gives two c<Hispicuous red lines and 
caesium two blue ones easily distinguished from those of otl\er 
metals. 

Occurrence.—Scxlium and potassium are among the most abun¬ 
dant metals on the earth. Only tliree sources of sodium need be 
considered: sodium chloride or common salt, whether from the sea 
or from mines, sodium nitrate or caliche, from Chile and Peru, and 
sodium carbonate from tlie deposits at Magadi and elsewhere in 
East Africa. Potassium is nearly all derived from the Stassfurt 
dci>osits of potassium and magnesium salts in Germany. Both 
sodium and ]potassium arc essential to the life of plants and animals. 
In countries where salt is scarce it Is a valuable commodity, and 
has been used in savage countries a.s currency: animals too will 
travel many miles to obtain it. In many countries—c.g. France 
or India—salt is taxed or is a monopoly of Government; everybody 
has to buy it and the t;uc is difficult to evade. Growing plants 
require pr;tassium, and it is usually supplied to them in the form 
of manure if the soil is poor in it, hut large quantities of potassium 
salts arc poisonous both to animals and plants. lithium, though 
widely diffused in very small quantities, is less common, aiu) is 
chiefly extracted from two aluminosilicates, petalite and lepidolile, 
by fusion with barium carbonate, extraction with hydrochloric acid, 
evaporation to dryness, and extraction of the resulting lithium 
chloride with alcohol. Rubidium and caesium are rare metals; the 
chief source of their salts is the mother bquor remaining from the 
extraction of the other alkalis. They are contained in carnallite to 
the extent of about 0'02 per cent RbCl and 0*0002 per cent CsCl. 
ITiey can be completely precipitated as silicomolybdates (together 
with a little potassium) from an acid solution of the once recrystal- 
lized carnallite. 'Hie precipitate is heated in hydrogen chloride, 
when the molybdenum volatilizes as oxychloride, and the precipita¬ 
tion is repeated. Since practically all the caesium is precipitated 
fust, and is then followed by the rubidhim, the isolation of these 
elements from carnallite is no long;er very diflictilt. 

Metab.—It is jxwsible to prepare the alkali-metals by reducing 
their carbonates with carbon, e.g.: 

K,C03+2C=^2K+3C0t. 

but the process has long been abandoned in favour of electrolytic 
methods. Tliis is a return to the original method, for in 1807 
Sir Humphry Davy obtained sodium by electrolysing the hydroxide. 
The activity of the metals towards water precludes the use of 
solutions for the electrolysis, though lithium has been made by 
electrolysing a solution of litliium chloride in pyridine. The 
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hydroxide is used instead of the cheaper chloride, chiefly because 
it fuses at a far lower temperature. Sodium, and to a less degree 
]X)tassium, are the only alk^i-mctals to lx? produceti on a large scale. 

IWeparation oj Sodium.--ln the Castner process, fused caustic 
soda is electrolysed in an iron ves.sel. The negative electrode, 
consisting of an iron rod, |>asses up tliruiigli the base cuul is tixe<l 

in position by solidified 
jMu I m _ caustic soda. The u pper 

/ ^ end of the cathode is 

screened by a cylinder 

' -5 i i H gauze, im- 

; .-f}-"" mediately above which 

is an iron tube in which 
...FufcdGiuiu-StfdA the molten sodium, pro¬ 
duced as a result of tlie 
electrolysis, is collected 
and prolecled from oxi¬ 
dation. The anode 
consists <»f a cvlinder of 
nickel, surrounding the 
cath<Klc (Fig. iro). As 
flie sotliuni collects, it is 
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removed from time to time with a ladle. Hvdrogeu (at the cathode) 
and oxygen (at the anode) arc by-products. 

In the Downs process, fused sodium chloride is electrolysed. The 
electrolysis cell is a rectangular iron tank lined with refractory 
earthenware. The anode is mode of graphite, while the cathode 
consists of an iron cylinder surrounding flic anode. An irtm-gauze 
cylinder is placed between the ano<lc an<i the cathode, to prevent 
the sodium from wandcruig into the neighbourhood of the chlorine. 
*rhe cell is filled with fused sodium cliloride. more of which is intro- 
dxiced as the electrolysis proceeds. The temperature of the elec¬ 
trolyte is maintained by the resistance it offers to the passage of the 


current. The sodium liberated at the cathode in the molten con¬ 
dition floats to the surface and runs off through a pipe. The 
chlorine set free at the anode is used immediately, or collected, 
liquefied, and stored in cylinders. 

I*roperUcs—A]l the alkali-metals arc soft. When scraped or 
cut with a, knife they show a bright silvery surface which rapidly 
tarnishes in the air. They are easily extruded as wire from a 
hand-press. On account of the rapidity with which they are 
attacked both by the oxygen and by the water-vapour of the air 
they are always kept under petroleum, but this docs not prevent 
the formation of a film of oxide. In the air they can readily be 
burned, and in oxygen rubidium and caesium take fire spontaneously. 
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The metals combine with hydrogen, the halogens, sulphur, phos¬ 
phorus, and mercury, and lithium combines with nitrogen. 

All the alkali-metals react violently with water, fonning hydrogen 
and the hydroxide, e.g.: 

2K42HjO= 2KOH| IIj t. 

The heat developed is enough to meh the* nielal (except Irthiiira), 
which runs about as a globule on the surface of the water, from 
which it is separated by a cushion of steam and hydrogen, Potas¬ 
sium, rubidium, and caesium grow hot enough to ignite the hydrogen, 
and explosions sometimes take place. All the metals arc very 
p{)werful reducing agents, and their action has often to l>o moderated 
by the use of a solution in mercury, or amalgam. Freezing-{>oiiU 
measurements on these solutions have shown the alkali-metals to 
be monatomic, and the vapour is also monatomic, though sodium 
vapour contains some molecules: the vap<)ur of sodium is 
violet, that of potassium green, and that of rubidium blue. The 
electrical conducti\ity of the alkali-metals is exceeded only by that 
of copi)er, silver, uml gold. 

Uses.—For some years the chief use of sodium was in the prepara¬ 
tion of aluminiutn, but aluminium is now invariably prepared by 
electrolysis. Sodium is at present used in the manufacture of sodium 
peroxide, of sodium cyanide for gold extraction, and of sodamide 
litr the explosives industry. It is also used in si»dium lamps for 
strent-lighlin^, and as a reducing agent in the manufacture of 
.syntlietic indigo. An alloy of s^Hlium and jjotassium, liquid at 
ordinary tomiHTatiircs, is uscfl in the phoU^-elcctnc cells essential 
in the cinema a^ intermediaries bctwwn speech and tlie photographic 
‘ sound-I nick.' Tlic t efficacy of such cells depends on the relatively 
low energy needed t(j release electrons from aikali-metals. 

Potassium is used in radio valves as a ‘ getter'; that is to say, 
a fragment of the metal, inserted l>‘fore the valve i.s sealed off, 
impnives the vacuum. The silvciing on the bxJb is due to this 
cause. 

Hydrides.—When the alkcdi-mctah are healed in a stream of 
dry hydrogen, white crystals of the hydride are fonned; the formula 
is MH, where M is an alkali-metal atom. Tlie hydrides liberate 
from water twice as much hydrogen as they themselves contain, e,g.: 

LiH f H* 0 =LiOH -f-H, f • 

Lithium hydride therefore evolves one-quarler of its own weight 
of hydrogen, and it has been suggested that hydrogen slmuld be 
transported in this way. They also react vigorously with the 
halogens, c.g.: 


KH+a,=Ka+HCh 
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The electrolysis of fused lithium hydride yields lithium at the 
cathode and hydrogen at the anode. ITic hydrogen ion in the 
fused salt must therefore be negatively charged, and has two 
electrons in association with the proton. This is one of the few 
cases in which the existence of negatively-charged hydrogen can 
be proved; the high numerical values of the electrode potentials 
of the alkali-metals would lead one to expect that in their hydrides 
the alkali-metals would be positive and the hydrogen negative, 
aiul this is found to be correct. Tlic hydrides show every indirntion 
of possessing an ionic nature; thev have the same crystalline structure 
as the huHdos and are insnlublc in organic solvents, Hydrogen, in 
fart, in IIksc ami pounds plavs the jKirt of the halogen. 

Oxides.—The following ty|Ms of oxide arc lcni»wn: M^O, MgOn. 
MOg. and possibly .Ml the alkali-met nls except lithium 

conibinc with drj^ oxygen (unless it is ' 1 laker 'nliy, when no 
action at all takes plane) at room temperature: cacsinin and rubi¬ 
dium with incandisrrnce. The oxides produced are LijO, Na202, 
KO,, RbO^, and CsO^, so that lA^O is (he only alkali-metal 
monoxide stable in air; the other alkali-metals will, however, form 
oxides of the lyjw MjO if insufficient oxygen for complete combus¬ 
tion is provided. Kubulium monoxide (RbjO) is yellow and 
caesium monoxide orange; the other monoxides arc white, but 
they darken on heating. Lithium monoxide can also be obtained 
by heating the carbonate: in this rcsjHJCt lithium is unique among 
the alkali-metals: 

LijCOa—L i^OH CO^ t. 

When heated in hydrogen the monoxides form the hydroxide and 
hydride: 

LijO-lHa-LiOHH-LiH. 

All the alkali-metals, with the probable exception of lithium, form 
dioxides of the type M^Og, but socUum dioxide, usually called sodium 
peroxide, is the only iin)>ortant one. It is made on a large scale 
by passing stfdiiim on a amveyor through a tunnel at 300®, to 
wliicli a stream of air, freed from moisture and carbon dioxide, 
is also admitted: the sodium peroxide is removed at the otlicr 
end. It is a piale yellow j>owder usually jlacked in metal tins, 
and is a powerful oxidizing agent. It is soluble in water with 
evolution of lic«it: 

2H,Oi^2NaOH4 H/),. 

U may be regarded as the dLsodium salt ol the excessively weak 
acid hydrogen peroxide, and its solutions are consequently much 
hydrolysed in the sense of the equation above, behaving as though 
they were alkaline solutions of hydrogen peroxide Such solutions, 
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unless carefully freed from dust, are unstable and liberate oxygen, 
but do so only slowly at low temperatures; they are the best 
starting-point for the preparation ol pure hydrogen peroxide. 

Paper or other easily oxidizable matter readily inflames in 
contact with sodium peroxide, which must therefore be cautiouslv 
handled. Under the name of ’ ox one' it is used in subinariaes 
and other confined spaces for regeiieraling the air: 

2Na20jd-2CO,-=2Na3CO;. + 0^. 

It may also lie used in the lulwrutory as a s<mr<'e of oxygen by 
treating il with water :uid allowing the tcmpc'ralure to ri^^: 

2NaA-i-.:lLO=4NnOIH 

and as a powerful oxidizing agent for decomposing insoluble silicates 
be hire analysing them. 

Tlie dccp-ycliow or orange superoxides. M(X, formed readily by 
potassium, rubidium, and CHCsimn, contain the ion Oj*, which with 
ii> odd number ui electrons (17) cjuderb magnetic properties on the 
sui>er-oxides. The faint colour of technical sodium peroxide is due 
to the presence of small amounts of superoxide, NaO^. 

Hydroxides.“Thcse compounds are of the tyiie MOH; the 
h3’droxidcs of sodium and potassium are of great importance and 
are i)roduced on the large scale. 


Pketaration of Caustic Soda. 

1. Electrolytic Methods .—Two principal types ol electrolytic 
processes are used in the manufacture of caustic soda, viz,; 


(u) Thoj^ in which the 
anode and cathode 
of the cell are 
separated by a dia¬ 
phragm. 

(6) Those in which a 
mercury cathode is 
used. 

in both types sodium 
chloride solution is the 
electrolyte. 

(^i) The Nelson cell 
is an improvement upon 
the older Hargreaves- 
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Fig 111 Nklson Crix for thk Manukactukf 

OF Caustic Soda 


Bird cell. Il consists of a U-shaped vessel made of compressed 


asbestos, and contains the anode, which is a rod of graphite. The 
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cathode consists of a steel net covering the outer surface of the 
asbestos walls, which constitute the diaphragm. The whole cell 
is enclosed in an outer case through which steam can be blown. 
The cel! is supj>lic<l with brine, which is kept at a constant level bv 
a self-adjusting device. Tl)e brine gradually stJaks through the 
asbestos, wtiere it undergoes electrolysis. Hydrogen and a solution 
of caustic soda arc produced at the cathode, while chlorine apix^ars 
at the anode and is led off, dried, and compressed into cylinders. 
Tlie caustic soda solution is run off as required through a pipe iu 
the outer case. 

Other cells of a similar kind are in use. 

(b) One of the earliest succes.sfnl cells was the CAsrNiiU-Kj'i.CNvu, 
and this is still used in a modified form (F^. 112]. Saturated brine 

Saturated 



’ out ^ 

112. Castkek-Kbllnbk Ccll 

is fed into a large rectangular tank, along the slightly sloping floor of 
which a stream of mercury flows. The mercury is made the cathode, 
and a series of carbon plates forms the anode. The voltage used 
is about 120. On electrolysis, chlorine comes oft at the anode, 
escapes through a pijx!, and is used directly, or collected, dried, 
liquefied, and stored. At the cathode, the liberated sodium dis¬ 
solves in the mercury to form sodium anjalgam This is run off into 
a lower lank containing water, where the sodium reacts to form 
sodium hydroxide and hydrogen, and whence the mercury is re¬ 
circulated through the cell. The hydrogen is collected (generally 
for direct conversion into hydrogen clilonde synthetically), and the 
solution of sodium hydroxide is evaporated as in the Gossage pro¬ 
cess. The spent brine leaving the cell is stirred up with more salt 
to saturate it again, and is then returned through the pipe shown 
on the right of the diagram. 

2. Preparation from Sodium CarbonaU. —GossAcn's method. In 
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this process, a ro-per-cent solution of sodium carbonate is boded 
with lime: 

N24C0a+Ca(0U),5=iCaC08+2Na0H. 

The calcium carbonate is precipitated. As the action is reversible, 
the working conditions have to be carefully adjusted in order to 
get the best yield. The solution of caustic stjda is filtered off ns 
soon as test }x>rtion 5 treated with dilute hydaichloric acid give 
no enrbon dioxides thus shoeing that all the sodium carbonate 
has been decomposed. It is then concentrated in specially con¬ 
structed vacuum evaporators, heated by steam; the remaining 
water is driven off by heating in polished cast-iron soda-jwts. 
The temperature required to get nd of the Iasi traces of water is 
al>ove the melting-point of caustic soda; the latter is therefore 
l(dt in tlie molten state and is run off and cither sealed up in metal 
drums or cast into the sticks or pellets used in the laboratfiry. 
Expressed ionicaliy, the action in Gossage's process is: 

Ca(OH),+CO,V'(.aCOa-f aOH'. 


The solubility of calcium carbonate is much less than that of calcium 
hydroxide, so the reaction goes mainly from left to righi. The 

fCaCOjHOH')** .. 

equiid)num-ct)nstant ls 'I 

centrations of the lime and calcium carbonate are a constant in 

their saturated solutions, We mast now consider the 

effect ol dilution and temperature. In a solution which has 
reached equilibrium a reduction in the carbonate concentration 
in the ratio 2 : 1 will only require a reduction in the hydroxide 

(OH']* . , \ , 

concentration in the ratio \'2 : i if the ratio ^ be kept 

{CU3 J 

constant; tlic efficiency of the process, which is represented by the 

roH n 

iraction is therefore increased by dilution. This means that 

the more dilute the sodium carbonate solution with which the lime 
is treated, the better the percentage yield of caustic soda. On the 
other hand it is uneconomic to work the plant with very dilute 
solutions, un J as usual a compromise is adopted. The heat involved 
in the change i^ ver%^ small, so that temi>erature has no tiiarked 
f»ffect on the tHiuilibrium; but since a rise in temperature makes 
the reaction go faster, and consequently increases the output of 
the plant, the solutions are kept boiling and are well stirred by 
blowing air through them. 

Caustic soda may be math' by lu'nling u mixture of sodium car- 
bon«ite and iron ore (chiefly ferric o.\id<0 in large cylinders, kept 
!• 
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slowly in rotaiion about their axis, which is horizontal, so that 
the mixture is in continual movement. The cylinders are heated 
by furnace gases streaming through them; the products are sodium 
ferrite and carbon dioxide, which esca[>es: 

NajC034-FeA=2NarcO,+C02 f. 

The sodium ferrite is removed when cold and treated with water 
in set thug-tanks, wlicn it produces a solutuui of caustic soda and 
fmic oxjcle, wliich settles in the bottom: 

2NaF€0,+H,0==r2Na0H+Fej0, |. 

A disadvantage of the process is the expense of maintaining the 
plant, lor the cylinders require fretjucnl renewal. 

Purification,—It required pure, sodium and potassium hydroxides 
are recrystallized from alcohol—in which the salts of these metals 
are only slightly soluble—and arc then said to be ‘pure by 
alcohol.' The commercial samples always contain carbonate, 
derived from the carbon dioxide of the air, and may contain imn 
from the evaporating vessels. For volumetric analysis carbonate^ 
free caustic soda solutions can be made by dissolving sodium in 
water from which the dissolved gases have lieon removed; this 
must be done in an apparatus to which the air has no access. 

Properties .—The hydroxides of the alkali-metals are white solids, 
exceedingly soluble in water (except lithium hydroxide, which is 
nioderately soluble); the solution is accompanied by lik^ratioo of 
heat. Lithium Iiydroxidc is the only one from which the oxide 
can be obtained by heating, and a high temperature is necessary 
before any decompt>sition is observed: 

2 Li 0 H=--Li, 0 -|-H ,0 t. 

Tliey are called * caustic alkalis/ The word alkali is derived 
from an Arabic word meaning ‘ the ash,' since the Arabian chemists 
were acquainted with the fact that a basic substance (chiefly 
potassium carbonate) is contained in wood-ash. It was extracted 
with water and obtained by evaporating the solution, from which 
impurities had been allowed to settle. The evaporation was carried 
out in pots: hence the name * potash/ from which the word 
potassium is derived. 

The hydroxides of all the alkali-metals are strong bases, fully 
dissociated in solution. Caustic soda and potash are commonly 
used in the laboratory when a source of hydroxyl ions is required, 
as in the precipitation of metallic hydroxides. They are also used 
for removing carbon dioxide from air or other gas mixture— 
potassium hydroxide is the more suitable for this purpose, since 
the bicarbonate prcxluced in the reaction is more soluble than 
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sodium bicarbonate and therefore does not so easily choke the 
tubes of the apparatus: 

KOH+CO,=KHCO^ 

The principal use of caustic soda in industry is the manufacture of 
soap from oils and fats; for soft soaps potash is used instead of 
soda. Caustic soda is also used in the preparation of the alizarin 
dyes, in the mercerization of cotton, and in the paper trade. It 
1$ a good cleansing fluid for the removal of grease, with which it 
often forms a soluble soap; for this reason the solution feels slimy 
between the fingers from the soap produced from the natural 
grease. In biological laboratories caustic soda solution is used for 
removing the flesh from skeletons of specimens: the process takeb 
place rapidly in the boiling lK|uid. Fused caustic alkalis attack glass. 

Although the alkaline hydroxides are regarded as typical strong 
bases, hydrogen can under certain circumstances be liberated from 
them by metals. Fused caustic potash dissolves potassium witli 
the liberation of hydrogen: 

2K0m-2K»:*2K,0+H,t. 

and aluminiuin is readily soluble in aqueous solutions of caustic 
soda, forming an aluminate and hydrogen: 

2AI+2H,0+20H'==2A!0,'+3Hi f • 

These are reactions in which the old definition of an acid as ' a 
substance containing hydrogen that can be replaced by a metal' 
breaks down; it is better to define an acid as ' a substance which 
yields hydrogen ions in solution." 

Carbonates.— Sodium carbonate is now manufactured almost 
entirely by the ammonia-soda, or Solvay process. In this pro¬ 
cess sodium bicarbonate is precipi¬ 
tated from a mixed solution of sodium AmmonU 
chloride and ammonium bicarbonate, 
since it is the least soluble salt present 
in the system: 

NaCH-NH 4 .HC 03 ?^NH 4 a+ 

NaHCO, I. 

The mixed solution is prepared by 
saturating brine first with ammonia, 
then with carbon dioxide, and the pro¬ 
cess can only be successfully worked in 

such places as Cheshire where a cheap 113. Upper Pakt op 

supply of brine is available. The Ammonia Absorber 

brine trickles down a tower in which 

ammonia, which enters at the bottom, is made to stream through 
it by a series of serrated umbrella-shaped metal baffles called 
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'mushrooms/ so arranged as to divide the gas into a number of 
small streams of bubbles. The gas leaves at the top> while the 
liquid, which is a mixed solution of sodium cliloride and ammonium 
hydroxide, passes out at tlie bottom. It is run through a number 
ot settling-tanks, in which impurities are deposited, and is then 
pumped into carbonators, where it is saturated with carbon dioxide. 
These differ in different factories, and may consist of either a tower 
Of a series of smaller vessels. Heat is evolved in the reaction, and 
since a rise in temperature increases the solubility of sodium bicar¬ 
bonate. the carbonators are cooled by streams of water. The 
carbon dioxide is obtained by heating limestone in a kiln; 

CaCOj^^CaO-bCO, t • 

The carbonators are so arranged that the solution leaving them 
has reached equilibrium and carries in suspension all the sodium 

bicarUmate that can be pre¬ 
cipitated from it It then 
passes to the filters, which are 
made of flannel stretched on 
cylindrical frames nearly half 
submerged in the sohilion 
and kept in slow rotation. 
A vacuum is maintained on 
the inside, and the bicar- 
iKuiate sticks to the flannel 
and IS removed by a scraper. 
When the filter becomes 
clogued after much use, il 
can l>e cleaned by blowing air 
through il from the inside. 

The sodium bicarbonate is heate <1 in furnaces, and the sodium 
carbonate produced is packed in bags and sold. The carbon 
dioxide returns to the carbonators, after passing through a washer 
to recover any ammonia which may have been carried away with 
the bicarbonate, whose decomposition is represented by the 
equation: 

2 NaHCOa=Na«C 03 +CO« f +11.0 f. 

The filtrate consists chiefly of a solution of ammonium chloride, 
which must not be wasted; the ammonia is recovered from it by 
adding lime and heating with steam. The lime is derived from 
the limc-kiliis, and the reaction is: 

NH/+OH'=-NH, t +H, 0 . 

The residue of the process, or * spent liquor/ is a solution ol cal¬ 
cium chloride, for which only a very limited market was formerly 
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available, but which now has many uses. The whole process is an 
excellent example of bow economy is attained in manufacture by 
recovering the intermediate substances: kn that reason a simplified 
' flow-sheet' is shown (p. 444), on which the movements of the 
various substances througli the plant are represented. The raw 
materials are sodium chloride and calcium carbonate, the product 
sodium carbonate, and the waste product calcium chloride. The nci 
reaction can therefore be represented by the equation: 

2 NaCl-fCaC 03 ^Na 2 C 0 ,+Cari 4 , 

but small amounts of ammonia lost in the process have to be made 
j^cjod. The sodium carbonate made by this process is about 
gq per cent pure, the chief im])urities being s<«lium diloiido and 
water. 

General Propcrtics.^l'Ue carbonates of (he alkali-melals are 
wliite crystalline solids. Lithium c^irbonate differs from tlie 
others in being only slightly soluble uiid in liberating carbon 
dioxide on strong hc«ating. Sodium carbonate forms several 
hydrates; washing soda is Na^rO).ioHjO, and a hydrate, 
Najt'On.HjjO, is formed from washing soda in dry air by the loss 
of water. The anhydrous carlxmale is used in making up solutions 
for volumetric analysis, and in gravimetric analysis insoluble 
substajKcs are often fused with suxlium carl m male (to which potas¬ 
sium nitrate is suineliines add<*d to lower tlie melting-point), for 
the purpose of bringing them into solution, la industry, sodium 
carbonate is used in the manufacture of glass and paj>er, and for 
softening water: considerable q 11 an lilies arc also used in the niann- 
factiirc of washing ix)wdoTs, which usually consist of an intimate 
mixture of sodium carljoaate and soup, to wliich a bleaching agent 
such as u perborate is sometimes added. 

On account of the appanmt wcakiKi>s of cari>onic acid (9.V.), 
solutions of carbonates have a pronounced alkaline reaction, 
pro<luccd by hydrolysis. 

Sodium hicarbonaU, or sodium hydrogen carbonate, NallCO^, 
is a white solid, not very soluble in water, and is the direct product 
(;f the Solvay jjrocess. On heating, it liberates carbon dioxide: 

2NanCO,^NagCO,+COa f +^tO t > 
aj\d is therefore used a.s a constituent of baking-powder. Its 
solutions are nearly neutral, and the substance is used as a medicine; 
the acid secretions of the stomach decompose it to form carbon 
dioxide. A solution of sodium bicaiboiialc is used to free carbon 
dioxide, prepared from marble and hydrochloric acid, from traces 
of the acid; sodium carbonate cannot be used, since its solutions 
absorb carbon dioxide: 

C0/.hC0,-|-H,0*2HC0,. 
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Potassium carbonate cajinot be made by the Solvay process, 
because potassium bicarbonate is too easily soluble in The 

two principal sources of the salt arc (a) carnallite from the Stassfurt 
deposits, and (6) beet-sugar molasses, which is mixed with lime, 
evaporated to dryness, charred, and extracted with water. 

In the carnallite process, the camallite is first melted and then 
allowed to cool, when potassium chloride crystallizes out and is 
removed. A concentrated solution of the }x)tassium chloride is 
made and this is mixed with hydrated magnesium carbonate. On 
passing a stream of carbon dioxide through the liquid a precipitate 
of a double salt, K}IC0a.MgC0j,.4U,0, is obtained: 

3(MgC0,.3H^0)+2Ka+C0*-2(KHC0vMgC03.4Hj,0)+Mga8. 

This solid is removed and treated with magnesium oxide, when 
the hydrated magnesium carbonate is re-formed and polassiuni 
carbonate left in solution: 

2{KHC03.MgC03.4H,0) |•Mg0^.3(MgC0,.3H30) + K,C0^. 

After filtration, the solution of potassiun» carlxuiate is evaporated 
to crystallization. 

i'otassium carbonate is a white deliquescent solid which crystal¬ 
lizes with not more than two molecules of water of crystallization. 
It is sometimes used as a desiccating agent. ' Commercially 
pure ’ potassium carbonate is commonly known as pcarl-ash. 

Chlorides.— 7 'he chlorides of the alkali-metals are white solids 
with the general formula MCI; they are soluble in water. All the 
halides of the alkali-metals have the sodium chloride structure, 
except the cliloride, bromide, and iodide of caesium, which have a 
body-centred lattice. With tlic exception of lithium and pcrhaj>s 
sodium cliJoride, none of the alkali-metal chlorides forms hydrates. 
The solubility of sodium chloride in water is only slightly aflected 
by change of temperature, wherea.s the other chlorides are all 
much more soluble in hot water than in cold. 

Sodium chloride, NaCl, common salt, or simply ‘ salt,' occurs 
in the sea and in enormous subterranean deposits in Austria {Salzburg 
means ' salt town ’), Spain, Poland, Siberia, and other parts of 
ihe woild. In Great Britain the principal salt mines are in Cheshire 
and at Droitwich. The salt is now generally obtained from these 
mines by allowing water to penetrate into the galleries and pumping 
it out as brine when it is nearly saturated with salt. The proportion 
(jf sodium chloride in sea-water varies considerably in different 
parts. The Baltic and the Black Sea contain less than i i>er cent, 
the Atlantic Ocean rather more, the Dead Sea about q per cent, 
together with 9 per cent magnesium chloride, and the Salt Lake 
of Utah more still. Largo quantities of s^ium chloride are 
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extracted from sea-water in either very cold or very sunny climates. 
In very cold countries such as Russia the water Ls removed by 
freezing, leaving concentrated brine from which the salt can be 
obtained by evaponil ion; in sunny rlimales, such as that of southern 
hTance, tlie water is cvajwrated by the sun’s heat. The predomi¬ 
nance of sodium chloride over ])otassiuni chloride in sea-walcr is 
partly due to tlie fact that the potassium sjdt is much more readily 
adsorl>ed into the soil. 

At 70 ® a saturated .solution contains 35*8 gm. salt |)cr roo gm. 
water. In the lahorulory scKlium chloride is purified by passing 
hydrogen chloride gas into a satnrate<l solution; this precipitates 
nKj.st of the salt and leaves the impurities in the .solution. I'lje 
action oi the hydnigcn cUhiridc is twofold: in addition to the 
common ion effect on the solubiUty it withdraws water for 
the hydration of the hydrogen and chlorine ions. 

Salt is slightly hygroscopic, and has a tendency to form lumps. 
This is prevented in some tabic salts by the addition of small 
(]uantitics of calcium ]>hosphate, made by heating bones; s^dt 
treated in this way remains in fine grains and ' runs ’ better than 
the pure substance. 

Sodium chloride, and sodium nitrate from the 5 >outh American 
caliche deiniisits, are the largest sources of sodium compounds. 
Sodium chloride is also used as a source of chlorine and hydrocliloric 
acid. 

Poiassinm chloride, KCI, was formerly obtained from sea-water, 
but the chief source is now the Stassfurt deposit in Germany, 
supposed to bo the remains of an inland sea. Among r)thcr salts 
the stratified deposits contain an immense layer of camallite, 
KCl.MgClj-fiHjO, from which potassium chloride of varying states 
of purity is prepared by a series of crystallizations and washings. 
In properties it resembles scHlium chloride; it is less soluble than 
sodium chloride in cold water (31*0 gm. per 100 gm. water at 10°), 
but more soluble in hot water. 

Lithium chloride, LiCl, differs from the other alkali-metal chlorides 
in being quite soluble in such organic liquids as the lower alcohols, 
phenol, acetone, glycerol, and pyridine. Examination of these 
solutions by conductivity and other methods shows them to contain 
complex ions and probably undissociated molecules. On evapora¬ 
tion to dryness in air, an aqueous solution of lithium chloride leaves 
a slightly alkaline residue: 

LiaH-H.O^UOH+Ha t, 

and this hydrolysis indicates that lithium hydroxide is perhaps not 
a completely dissociated base. This reaction does not take place 
with the other alkali-metal halides. 
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Rubiditm and Caesium chlorides, RbCl and CsCl.—chlorides 
resemble those of sodium and j)otassium, but they have the remark¬ 
able property, possessi^ also by the bromide and iodide of these 
iwo elements, of forming additive compounds with the lialogens, 
buch as CsIClg and CsIClBr. Caesium dichloriodide. CsICl|, is 
an orange salt obtained by treating caesium chloride solutions with 
iodine and chlorine. On heating, it decomposes into caesium 
('blonde and ir)dme monochloridc, which appears to indicate that 
u js a double salt of these substances with a formula CsCl.lCl. but 
It is now proved that it contains a complex onion, ICl^', analogous 
to 13 (sec pp. 200 and 757). 

Bromides.—These are white crystalline compounds of the genera) 
lurmiila MBr, and can be prepared by the direct union of the 
elements. It is, however, more usual to dissolve biomine in a 
solution of the hydroxide, lo evaporate to dryness, and then to 
heat strongly, sometimes with the addition of charcrial 1'he 
changes which take place with caustic potash are: 

3l4r^H bKOH^sKHrd KBr 0 , + 3H,0, 
2 KIir 0 ,»^ 2 KBr-)- 30 , t. or KHrO,H* 3 C«=KBr+ 3 CO f . 

The residue is then once more evaporated with hydrobromic acid 
to convert any uncharged caustic alkali to bromide. 

Potassium bromide is used as a soporific in medicine and in fairly 
large quantitie^^ in the preparation of silver bromide for photo¬ 
graphic purposes. 

Iodides. —These salts resemble the bromides, and can be prepared 
bv a similar method, but the potassium iodide of commerce is 
made by neutralizing hydrogen iodide with potassium cart>onate. 
The hydrogen iodide is prepared by the hydrolysis of a solution of 
ferrous iodide, obtained by shaking up iodine \vith iron filings and 
water. The solution is neutralized with potassium carbonate, 
filtered from ferrous hydroxide and concentrated until the 
potassium iodide crystallizes out. The cliemical changes in this 
process are: 

Fed 2l:^Fe*’+2l'. 

Fe ‘+C03'+H80-Fc(0H),i 4 CO, f . 

Potassium iodide prepared by this process sometimes contains 
carbonate as an impurity. 

All the alkali-metal iodides are extremely soluble. Even at 0* 
they all dissolve in less than Iheir own weight of water, and they 
are also fairly soluble in some organic solvents, lithium iodide 
usually having the greatest solubility. Potassium iodirle is much 
used in analysis. The yellow colour of solutions which have been 
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]<*ft open to the air is due to the liberation of traces of iodine by 
oxygen and carlwn dioxide: 

COa i-HgO-^HgCOj? H* I HCOa'. 4l'+0j+4H =2l2-!-2H80. 

Fluorides.^Thc fluorides of the alkali-metals arc pro parcel by 
treating the hydroxide or carbonate with hydrofluoric add. Since 
Ijydrolhioric acid is not a very stnmg acid, solutions of fluorides 
have an alkaline reaction and contain the free acid; they therefore 
etch glass. Lithium fluoride is nearly ins<kUil)le in water and sodium 
fluori<h‘ is sparingly soluble. Thv. addition of hydrogen fluoride 
to the solutions much increases Uie solubility; this is because acid 
salts such as NuHh'j (* Fremy's salts') are formed whidi are more 
soluble than the normal salts. The acid fluorides loni/c in solution 
into M' and 111 ‘V (for the structure <»( HE/ J-cc p. 367). On heating 
they docomix>sc into the nonna! .salt and hydrogen fluoride: 

KHFa^KF+Hl' f. 

Fluorine was first obtaim d by the electrolysis of jK>tassiuin hydrogen 
fluoride dissolved in anhydrous lif|iud hydrogen fluoride (p. 2OS). 

Potassium /{uosilicair (or silicoJiHoridr), K^Sil%, is made from fluo- 
silidc acid, HgSiF\j. and caustic ]x>tash, and is used in estimating 
potassium, as it is only very slightly soluble in water. 

Chloiate(B.^PolHssium chlorate is prepared by the electrolysis 
of a warm, concentrated, and faintly acidified solution of potassium 
chloride, without a diaphragm. The total effect of the process is: 

CIM-3H,0-.-C10;+3H3. 

but this result is achieved by distinct stages, only the first of which 
is electrochemical, as explained on p. 740, To obtain the maximum 
yield of chlorate from the quantity of electricity passed, wasteful 
release of gaseous oxygen at the anode must be avoided, and this 
electrode must be of platinum, which has a high oxygen over-voltage. 
Reduction at the cathode must also be prevented, by the presence in 
the electrolyte of small amounts of dissolved chromate or dichromate, 
which upon initial reduction form a protective film on the cathode. 

In another process chlorine is passed into hot lime: 

sCl^+GOH'^SCl'+ClOjM 3H2O* 

as above, and potassium chlorate is precipitated by adding excess 
of potassium chloride and cooling the solution with refrigerators. 
Since the solubility of potassium chlorate increases very rajndly 
witli the temperature, the salt can without difficulty be purified 
by rcrrystallization; for this reason it is more often used than 
sodium chlorate. It is used in the dye industry as an oxidizing 
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agent, in the manufacture of matches and explosives, and as a 
disinfectant. In the laboratory it is the commonest source of 
oxygen gas. On heating, it first decomposes into potassium 
])erchlorate, which then literates all its oxygen: 

4Ka0t=3KClO4+KCl and KClO^^KCl+zO, f • 

All the alkali-mcta] cldomtes are soluble in water. Lithium 
chlorate is among the most 5K>lublc of all known siUts: the solution 
saturated at room temperature Itas a density of i*8 and contains 
about seventy-five parts of the salt to twenty-five of water. 

FerchloratM.—'fhe pc'rchloratcs, such as sodium perchlorate, 
NaClOi, arc obtained by electrolysing chlorate s<;liitions at normal 
tomperat lire. Polussinm jxTchlorate is used in explosives, and is 
remarkable as being one ot the few potassium salts nearly insoluble 
in cold water (i'o8 gm. per lOO gm. water at lo*). Potassium can 
he separated in this way from sodium: to decrease the solubility 
alcohol is added to the solution, which must be kept cold, as the salt 
IS very .soluble in hot water. Lithium perchlorate was used by 
Richards and Willard in the determination of the atomic weights 
of lithium and chlorine from the reaction: 

LiCHHaO|=LiaO,4 HCl f. 

Broinates.—The bromates of the alkali-metals are all soluble in 
water. The method of preparation from halogen and caustic 
alkali is similar to that of the iodates. On heating they liberate 
oxygen more easily than the chlorates: 

2 KBr 0 ,= 2 KBr+ 30 , f* 

Iodates.—Sodium iodatc, NaIO„ accompanies sodium nitrate in 
South American caliche to the extent of about 0*3 per cent, and this 
compound is the source of most of the iodine of commerce. It 
accumulates in the mother liquors left from the crystallization of 
the sodium nitrate, and is directly converted to iodine without 
previous isolation (p. 748). Potassium iodate is obtained by re¬ 
crystallization from caustic potash to which iodine has teen added: 

6K0H+3l8=KI03+5KI+3H,0. 

It is a salt which can easily he obtained in a high degree of purity, 
and is increasingly used in volumetric analysis. The fusion of 
pure potassium legate is one of the best methods of preparing 
potafvshiTn iodide free from alkali. 

Nitrates.—Sodium nitrate, NaNO^, occurs in immense deposits 
in desert areas of Chile and Peru, and until recent years was prac¬ 
tically the only source of combined nitrogen for chemical manures, 
with the exception of some ammonium nitrate from the gas-works. 
The supremacy of the Chile nitrate industry is now seriously 
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threatened by the development of methods of * fixing ' the nitrogen 
of the air, i.c. causing it to combine either with hydrogen or oxygen. 
South American crude sodium nitrate is called caliche or ‘ Chde 
saltpetre.' 

The caliche is broken up, brought into solution by boiling with 
water, and recrystallized; the product contains about 95 per cent 
of sodium nitrate and is shipj^ in bags. About 80 per cent of 
the production (which reaches nearly three million tons per annum) 
IS applied directly to the soil as a fertiliser; w)me three-quarters of 
l he remainder is uscid for making nitric acid, and most of the residue 
for making potassium nitrate. 

Potassium nitrate is made by boiling mixed saturated solutions 
of sodium nitrate and fKilassiutn chloride. At this temperature 
sodium chloride is much less soluble than potassium chloride, and 
is consequently deposited, leaving potassium nitrate in solution: 

NaNO,+ Ka^NaCl j +KN0j. 

Potassium nitrate is also a product of the bacterial oxidation of 
decayed animal refuse in the presence of wood-ashes, which contain 
potassium carbonate, and potassium nitrate produced in this 
way is extracted from the soil of India and Ceylon. It is used 
in the manufacture ol gunpowder and fireworks, for which tlio 
hygroscopic nature of sodium nitrate makes it unsuitable. 

On strong heating, the nitrates of the alkali-metals lose oxygen 
and are converted to nitrites: 

2NaN0,^2NaN0,+08t. 

Tht^ solids arc occasionally used as oxidiring agents. 

Ni^tes.—Sodium nitrite. NaNO,, is prepared on the large scale 
by the action 0/ sjmthetic oxides of nitix^en (p. 411) on caustic 
suda. It can also be prepared, as abfjve, by heating sodium nitrate. 
It is used in the diazotization of amines for the manufacture of 
dyestuffs. 

Nitrides.—Lithium is the only alkali-metal to form a nitnde by 
combination with ordinary nitrogen; in this as in other respects it 
resembles magnesium. The nitride is made by heat mg lithium 
in nitrogen: 

6Li+N,=2Li,N. 

and is decomposed by water 10 form lithium hydroxide and 
ammonia: 

LiaN+4H.O=3LiOH+NH,aH. 

Phosphates.—The phosphates ot the alkali-metals, except lithium 
phosphatey LiaPO,, are soluble in water, and can be prepared by the 
action of phosphoric acid on the hydroxide or carbonate. By 
varying the proportion of acid to base, trisodium phosphate, 
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NaaP04.i2H20, dhodium hydrogen phosphaU, NajHP04.i2H20, and 
sodium dihydrogen phosphaU, NaHjTO^.HjO, can aU be obtained. 
l‘he ionization of soluble phosphates and the behaviour of hydrogen 
phosphates on heating axe discussed on p. 629. Sodium ammonium 
hydrogen phosphaU, NaNH^HPO^, once called ‘ microsconiic salt' 
because it is found in the unne of man, the ' microcosm/ is made 
from disodiuin hydrogen phosphate and ammonium chloride, and 
yields sodium mclaphosphatc and ammonia on heating; 

NaNH^HPO^^^NaPOa+NHj f H-HjO f. 

Sulphates.—Sodium sulphate, or salt-cake, Na2S04, was formerly 
obtained in the now obsolete Leblanc process for the manufacture 
of sodium car}>onate. Ihe use of sodium sulphate (or making glass, 
in place of the sodium carlxinalc previously used, gave much-needed 
support to the Leblanc process, and the first part of this process— 
the manufacture of s<Hlium sulphate—continues to be worked 
even now tluat the Solvay process has driven Leblanc soda from 
the market. It consists in healing salt with concentrated sulphuric 
acid in conditions that give the bisulphatc, and then heating the 
bisulphate and unchanged salt on the hearth of a reverberatory 
lurnace, when 

NaHS04+NaCU Na 2 S 044 HCl f. 

The solnbilitv of scnliuin sulphate and its hydrates has already 
been dealt with in Chapter IV (p. 130). The decahydrate, 
NajS04.ioll20, is known as GLAt^BER’s salt, and is us<cl as a 
purgative. Potassium sulphate crystallizes anhydrous; it is used 
as a fertilizer. 

When sodium salts arc heated with concentrated sulphuric acid, 
sodium bisulphate, or (better) sodium hydrogen sulphate, is the 
first product: 

NaCl+U2S04^ KaHS04+HCl f. 

On further heating, some decorajKises into the normal sulphate and 
sulj^huric acid: 

2 NaHS 04 =Na 2 S 04 +lI*S 04 1, 
while some loses water to form sodium pyrosulphate: 

2NaHS04=.Na2Sj0,+H20 f. 

Sodium hydrogen sulphate in solution gives rise to the ions Na*, H*, 
SO4'', and some HSO4': its solutions have therefore an acid reaction. 

Sulphites.—Sodium sulpliite, NajS03.7H20, is made on the lai^e 
scale by the action of sulphur dioxide on caustic soda, and unthT 
the name of ‘ antichlor * is used for removing clilorine from sub* 
stances which have been chlorine-bleached: 

S0/+Clt+H20*:S04'-|-2HCl. 
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By the continued action of sulphur dioxide, caustic soda is converted 
to sodium hydrogen sulphite (' sodium bisulphite *), NaHSO^: 

0H'+S0^=HS03'. 

Thiosulphates.—Sodium thiosulphate, Na^S^Oa-SHgO, wrongly 
called ' sodium hyposulphite' (whence the photugraj^hers' name 
' liypo *), is made from the still unexhausted waste of the Leblanc 
process, which contains calcium sulphide, by cxjxtting it to the air, 
whereby the sulphide is oxidized to thiosulphate. The mass is 
then extracted with water and sodium carbonate is added to the 
solution; calcium carbonate is precipitated and sodium thiosulphate 
remains in solution: 

CaS,0,+Na,C0j=CaC031 

Sodium thiosulphate is a reducing agent used in the volumetric 
analysis of iodine (p. 691), and, like sodium sulphite, to remove 
chlorine from bleached goods: 

S,0/+4Clt+5H,O-2SO/+8Cri-ioH\ 

Its use in photography depends on its power of dissolving silver salts 
insoluble in water: silver forms a complex ion, AgSjO/. as follows: 

Aga+SA'*AgSA'+ci'. 

Sulpbidea. —Sodium sulphide, Na^S.^HjO, is made on the large 
scale for use in the dye industry by beating a mixture of sodium 
sulphate and coal, and extracting the product with water: 

NajS 04 + 4 C=Na^+ 4 C 0 f • 

The crystals cannot be dehydrated without decomposition, as 
hydrogen sul])hide is a weak acid, and hydrolysis takes place: 

Na,S+2HjO—2NaOH+HjS f • 

The anhydrous compound can be made by the union of the elements. 

The hydrolysis of sulphide solutions procccd.s to such an extent 
that most of the sulphide ions are converted to hydrosulphide ions: 

the solutions have consequently a strong alkaline reaction. They 
can also be prepared by passing hydrogen sulphide into caustic soda: 

H,S+ 0 H'==HS'+H* 0 . 

The pure hydrosulphides of the alkali-metals can be made by 
passing hydrogen sulphide into alcohol in which the alkali-metal 
has been dissolved: 

2 C^H 4 . 0 H+ 2 Na^-^ 2 rjH 5 . 0 Na 4 -H^ t 
H8S+C,H5.0Na===NaHS| +C,Hj.OH. 

The hydrosulphide is precipitated as a colourless powder. 

All sulphide solutions wUl dissolve sulphur to form polysulpbides 
(p. 677). 
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Cyanides, —Large quantities of sodium and potassium cyanides 
are used in electroplating and in the extraction of gold. The 
cyanide gold-extraction process was introduced by M'Arthur and 
Forrest in 1887, and the demand for cyanide occasioned by it 
created the sodium industry, since sodium cyanide is usually made 
from metallic sodium. The two most important processes are: 

{i) Sodium ferrocyanide is fused with sodium in covered iron 
crucibles, and the mass is filtered, while still molten, from the 
iron produced: 

Na4Fe(CN)*+2Na=6NaCN4 Fe. 

(ii) Wood charcoal and sodium are treated with dry ammonia 
at (>00"^, and the proiluct is then heated to 8oo^ The net 
result is expressed by the equation: 

2Na+2C+2>]nar^2NaCN+3lI, t. 

All cyiuiides arc highly pois<.>n()US. Hydrogen cyanide is a weak 
acid, and all cyanhlc solu(ioii.s arc hydrolysed an<l have an alkaline 
reaction; the moist salts smell of hydrogen cyanide. The killing- 
bottles used by butterfly collectors contain solid poliissium cyanide, 
an<l the Indrogen cyanide vaj>our produced bv the moisture of 
the air inside the bottle is enough to kill any captives. 

In the laboratory, sodium cyanide is largely used in the produc¬ 
tion of complex ions with various metals, such as copjxjr, gold, or 
nickel. Its industrial uses are also based on this property. It is 
abo used as a reducing agent, as the cluingo from cyanide to cyanate 
takes place easily: 

CN'-l O-OCN'. 

Tbiocyanates. • These compounds are made by heating the 
aikali-nietal cyanide with sulphur, e.g.: 

KCN+S=KSCN. 

In commerce, thiocyanates are all made from ammonium thio¬ 
cyanate, which is a by-product of coal-gas manufacture. Tlic 
alkali-metal thiocyanates are colourless compounds soluble in 
water; in the laboratory they arc used in volumetric analysis. 

Other compounds of sodium and (lotassium are described in later 
chapters: see the Index. 

lection and Analysis. —The alkali-metals are detected by the 
colours whicli their s«ilts—preferably the chlorides—give to the 
non-luminous flame of the Hiinsrn burner: lithium, rod: uidittm, 
yellow; potassium, violet; ruhidium, red; caesium, blue. The 
deduction must be confirmed by negative tests for other metals. 

The complete separation of the alkali-metals is a matter of great 
difficulty, on account of their very similar properties and the 
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scarcity of insolsalts. Lithium can be scj*aratcd from the 
others by lh<? solubility of its chloride in orfianic solvents or tlie 
insolubility of the fluoride, carbonate, or phosj>hate in water. 
Potassium can best be freed from sodium by ] nod pi tatirg it as 
the fliiosilicatc or the chloro|)latmalo, K^PtClg, or by recrystal- 
Hzing the perchlorate. Hubidium and caesium are seiwated from 
the other alkali-metals and from each other by the sihcomolybclate 
pri'cess already di'scriljt'd. 

The alkali-metals mu be weighed as sulphates, but they are 
more often analysed volumetrically in solutions of their dilorides 
or carboiuites. 


SuBCKour P 
COITER, SlLVKK, GoLD 


The table shows senne Iiiudamcntal phyMcil properties: 
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70 
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Copper, silver, and gold are noble metals, eminently malleable 
and ductile, with high melting-points, and resemble 11 le alkali- 
metals only in their jxiwor of forming salts in which tliey arc 
univalent. In most other respects they are widely different. They 
are the best three conductors of electricity, and tm account of 
their permanence are also very widely used in coinage and in 
electroplating. 

The principal valencies are: 

Cofiper: one (unstable), and two (stable). 

Silver: one, and two (unstable). 

Cold', one, and three (stable only in coniploves). 

The univalent ions of all tliese elements are probably colourless; 
the hydrated ciipric ion is blue, and the auric ion scarce!}' has any 
independent existence. In its bivalent compounds copper bears 
some resemblance to its neighbours on €itliersid<‘—niclic! and zinc— 
particularly in its tendency to form complexes, a tendency that 
decreases in the order cobalt, nickel, copper, zinc. 

Copper, silver, and gold all form stable complex ions with 
ammonia, cyanides, and chlorides, though the silver chloride 
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complex is a good deal less stable than the others. The mond- 
chloride^ monobromidc, and monoiodide of copper, silver, and gold 
arc ali insoluble in water. 


COPPEH 

Cu=63'54. Atomic Number. 29 

History.—The extraction of copper from its ores was one of the 
principal triumphs of early civilization. So far as our information 
goes, this im{)ortant metallurgical operation was first carried out 
m Egypt, for the oldest known copj>er objects (needles and rivet* 
like pins) were discovered in pre-dynastic tombs in that country, 
dating from the fifth millennium licfore Christ. By the time of 
the New Empire (3000-2550 B.c.) the extraction of copi>er had 
become a regular industry, and a few centuries later an Egyptian 
poet wrote thus of a coppersmith: 

/ .»au' ike * 9 Htfk M hn wotk. 

Statiding be/ore the v^nt of his oven 
/its fingers were hke croe^ile-sktn. 
lie tfunk worse than fish-roe 

in Sumer and in Asia Minor, knowledge ol the simple metallurgy 
of cop'per was wi<lcsprca<l lour thousand years before the Christian 
era, while copper weapons and toilet articles belonging to the 
Eatly Minoan Age {3000-2000 B.c.) have been excavated at the 
palace of Knossos, in Crete. 

Greeks and Romans of the classical age obtained copper largely 
from the island of Cyprus, whence the name aes Cypnum, or ‘ brass 
of Cyprus,' modified later into simple cufirum. Bronze was 
probably a later discovery than copiwr, and was doubtless acci¬ 
dentally produced by the unobserved presence of tin ore in the 
copper ore. When, however, its composition was elucidated, it 
was jircpared deliberately and was usually preferred to copper on 
account of its greater hardness and greater resistance to corrosion. 
Finally it so far displaced pure copper as to give its name to the 
Bronze Age of civilization. 

Occurrence.—In small quantities, copper is almost universally 
distributed in nature; thus it exists in traces in most soils and 
foodstuffs, in human blood, and even in seaw'ced. Native copper 
occurs in many districts, particularly near Lake Superior, where 
boulders w'cighing over four hundred tons have been discovered. 
The principal ores ol copper are: cuprite or * red copper ore,' 
CujO; chalcopyrite or cop^r pyrites, CuFcS.^; copper glance or 
chalcociu, Cu^S; atacamite^ a basic chloride, CuCl2.3Cu(0H)g; 
malachite, a basic carbonate, Cu(OH),.CuCO,; azurite, a different 
basic carbonate, Cu(0H)f.2CuC0,<; and chrysocolla, the silicate. 
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CuSiO3.2Hj0. The chief copper-producing regions are: United 
States, Chile, Japan, Mexico, Rhodesia, Qjiada, Belgian Congo, 
Peru, Spain, Portugal, Germany, 

Extraction.—A. Oxide and carbonate ores aie mixed with a 
flux and powdered coke and redu<-ed in a reverberatory furnace: 

CU5O+C—2C11 hCO. 

B. Bv far the greater jH>nion of the metal is, however, extracted 
from sulphuretted' ores, and the tre;itment is considerably more 
complicated. Typical procedure is as follows: 

(1) The ore is first crushed and then concentrated by differential 
oil flotation, which eliminates the silica and much of the iron, and 
leaves a ' concentrate' rich in cop|)cr. This method has largely 
replaced the older concentration by levigation. 

(2) The concentrates are then roasted, to remove arsenic €'ind 
antimony, which are almost always |)rcscnt in the sulphuretted 
ores. A good deal of the sulphur is removed at the same time. 

(3) The roasted ore is next smelted in a furnace, forming a 
mixture of cuprous sulphide and ferrous sulphide: 

sCuFeSj-i Oe^CutS+iFeSH-SO,. 

This mixture ls known as ’ copper-matte or ‘ coarse-mctal.* 

(4) The matte is again smelted, this time with coke and sand 
(or some other siliceous flux), in a reverberatory funiax'c, when the 
silica carries off the iron as a fusible slag of iron silicate. The 
impure cuprous sulphide that remains as a fused mass beneath 
the slag is knowm as * blue-metal,* * pimplc-metuJ,' or ' fino-mola!,* 
according to the amount of iron left in it. ' Bluc-metal * and 
' pimple-metal are subjected to a further smelting, to bring them 
up to the purity of * fine-mefal ’ (alxjut 75 per cent Cu). 

(5) The ‘ fine-metal * is heated on the hearth of a reverberatory 
furnace with free access of air, or in a Piekch and Smith basic 
converter lined with magnesite, through which hot air can be 
blown. Part of the cuprous sulphide is converted into cuprous 
oxide, which then reacts with the remainder of the sulphide to 
form copper an<i sulphur dioxide: 

2Cu3S-(-30g=2Cu,0+ zSOj. 

2Cii20+Cu4S—6Cu i-SOj. 

As the mass of copper cools it gives up the sulphur dioxide that 
was dissolved (or contained) in it; the formation of tliese bubbles of 
gas in the copper makes the latter appciir to be covered with 
blisters and it is therefore called' blister-copper.' It contains about 
95-97 per cent Cu. 

(6) The blister-copper still contains some 3 to 5 per cent of sulphur, 
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iron, arsenic, antimony, lead, and other impurities, as well as a 
little silver and gold—which are often present in sufficient quantity 
to be worth extracting (see next paragraph). It is run off from 
the hearth or converter while still molten, and is cast into blocks 
to serve as anodes for tlie electrolytic refining process. If the 
copper is not to be refined, it is melt^ in a furnace, and stirred up 
with iron stirrers while a blast of hot air is blown over the surface. 
In this way, most of the impurities are converted into a slag, which 
fiscs to the top and may be skimmed off. To reconvert into copper 
the cuprous oxide formed in the process (up to 6 per cent), the 
molten metal is again stirred, this time with poles of green wood 
(' poling '). ‘ Poling ’ is a tricky operation and calls for con- 
sideralile experience and skUl, since if it is continued too long the 
copper absorbs gases and becomes porous and brittle, while if it is 
not continued tong enough the impurities are not sufficiently 
removed. Properly ‘ p>oled * cop()er may be used for conversion 
into tubes, etc., but as formerly produced was not pure enough for 
electrical work. The product of a new process for the treatment 
of Rhodesian copper can however compete w;th elect roly tically 
refined rnetal. 

(7) EUctrolytic Refining .—The blocks of blister-copper are made 
anodes in electrolytic cells containing an electrolyte of copper sul¬ 
phate solution acidified with about 12-15 cent of sulphuric acid. 
The cathodes are thin sheets of pure copper, and the cell is main¬ 
tained at a temperature of approximately 50^; the electrolyte is 
kept in constant but steady motion, to ensure uniformity of con¬ 
centration. The theoiy of the process is discussed on p. 266. 

C. The so-called ‘ hyclroroetallurgical process ' is widely used 
for extracting copjx^r from low-grade ores, of which vast supplies 
are available in Spain and other countries. The crushed ore is 
pileii into enormous heaps—running into millions of tons—and is 
allowed to weather in the presence of water; if the rainfall is in¬ 
sufficient, water is added artificially. After a period of some 
twelve months, the copper will have become converted into copper 
sulphate, which remains in solution. The solution is run off into 
concrete pans and the copper is precipitated by addition of scrap 
iron. The crude copper so obtained is refined as in method B above. 

Note.—T lie almost complete elimination of impurities from 
copper is exceedingly important if it is to be used for electrical 
purposes, since the electrical conductivity is much reduced by 
traces of foreign substances; thus 0*02 per cent of phosphorus reduces 
it by 30 per cent. As a matter of fact, the best copiwr manufactured 
to-day is so pure that its conductivity is over 100 per cent!—a 
paradox to be explained by the fact that, at the time the standard 
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was made, the purest copper obtainable was distinctly less pure 
than the best specimens now on the market. 

Uses and Alloys. —Copper is used in very large quantities in the 
electrical industry, in coinage, m electroplating, in the manufacture 
of kettles, pans, and other domestic appliances, and in the manu¬ 
facture of a wide series of important alloys. 


Alloy 

15 ell-metal 

Bras.«i 

Hroiixe 

Delta metal 

German silver 

M^ncl mrtal 

Plioaphar-bronxe 

Co nsus Titan 

Mangaain 

Aluuunnmi hronre 

Former British 'silver* roinaRe 


ApproM%maff Composition {pet 
lent hv wwia'A/) 

Ho Cu, «o Rn 

70-80 Co. 30-io Zn 

80-90 Cu. to 10 Sa 

55 00 Co. 41-3S Zn, 4-2 Ve 

to <*u. 30 Ni. 30 Z11 

37 Cu. 08 Ni. 3*3 Mn. etc , tiaccs 

90 5 Bronze, o 5 I* 

60 (^u. 4<i Ni 
8l Cu, 17 Mu, 2 Nt 
S 8 Cu. 8 Al. 4 Mn and Fr 
40 Cu. 50 Ac. 5 N(. 5 Zn 


Properties. — Copjjer is a rosy-pink metal, very malleable and 
ductile. Its technical im|>ortance is due to its high electrical 
conductivity, in which it is only slightly surpassed by silver; to 
the ea.se with which it can be manipulated, and to its resistance to 
corrosion, particularly when suitably alloyed with other metals. 
Freezing-point measurements on copper amalgams show the cop|x*r 
contained in them to be monatomic. The vajxmr is gn‘cn and 
probably monatomic. 

Copjx^r is stable in di*y air at ordinary lemperaluics, but in 
moist air it is slowly converted to verdigris, a basic carbonate, 
whose green colour is so familiar on bronze moiuiments and on 
copper roofs. For reasons which will be explained, copper dissolves 
slightly in water containing traces of ammonium sails or chlorides, 
and can often be detected in water distilled in a copper still; it is 
on account of this solubility that ships are usually sheathed not 
with pure copper but with brass. 

Copper will not liberate hydrogen from acids in normal circum¬ 
stances. and will dissolve only in oxidizing acids and those in 
which it can form complex ions. It reacts vigorously with nitric 
arid, dilute or concentrated, to form nitric oxide and nitrogen 
peroxide: 

3CU+SHNO3—3Cu(NO|)j-|-4HjO-f2NO f 
Cu-h 4 HN 05 ?=Cu(NOJ,-l- 2 H.O+ 2 NO| t * 

and with hot concentrated sulphuric acid (the dilute acid has no 
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action) to form sulphur dioxide and a mixture of copper sulphate 
and copper sulplii<les. The black coUmr of the liquid is due to the 
presence of cuprous sulphide. Copper will also dissolve vc‘ry slowly 
in hot concentrated hydrocliloric acid containing dissolved air; 
chloric acid, on the other hand, dissolves it with rapidity. It will 
alsf> ilissolve in aqueous ammonia in a current of air. 

The FyuiLiKKiuM be twhen Coppe« and G^pper Ions.—C opper 
IS one of the noble metals, and is slowly deposited from solutions 
containing cupric ions when hydrogen is bubbled through them: 
for this reason it will n<jt dissolve in acid sedutions unless; the anion 
is an oxidizing agent. Tlie standard elcctrorlc iKdcutials of the 
changes Cu-sCu * and rn-«-Cu* are, respectively, +0*34 and -hO'52 
volts; while the change Cu**—Cu* has a standard |>otential of —o i(> 
volts (sec p. 25<i). l‘he alfinity of the change from cnj)ric to ciipnnis 
Kins is thus iK'gative unless the cupmus iou concentration is ex- 
rmjingly small. Cons^Hjiicntly the reversible change Cu’-H*n’* 
H electron usually goes to tlie right, but if the cuprous ion concen¬ 
tration IS very small it will move to the left. The nature of the 
aiiKin is the controlling factor: in the iircsence of reducing agents 
cupric salt will l>e unstable if any anion is present which forms 
(i) an insoluhle cn})ronR salt 01 (2) a vorv stable complex cujirous 
ion, since in either c;isc‘ the cuprous ion concentration will 1 k' 
reduced to a verv low tigurc. (‘uprous salts can therefore oiilv 
exist in contact with water if thov arc either insoluble or conibine<l 
in a complex, and this is amply borne out by exjxirience. Mon*over, 
the affinity of the change t*u ‘d-Cu-aCu’ Is negative at ordinary 
concentrations, so that cuprous salts c:in Im» made from cupric 
solutions and metallic copper only if the cuprous ion concentration 
is reduced by iiisoltibility or cmiiplox formation. These considera¬ 
tions indicate that it is easier ti> oxidize copper to the cupric state 
than to the cuprous state in atjueous contlitions. 

home what siiiular considcra turns apply to the univalent salts 
ot bo til gold and silver. The more eicsily the anion is discharged, 
the greater will Ik* the tendency for the metal ion to be deposited 
as metal. The jwitcntial values given on p. 254 show that the 
reaction Ag+I“=AK-| I tends to move to the right, i.e. silver ion 
spontaneously oxidizes iothde ion. Thus silver iodi^le is only saved 
from decomposition by its extreme in-solability in water. In this 
connection it is of interest to note that silver iodide below 140"^ 
posses.ses a co^’alcllt, non-ionic crystal structure similar to that of 
the cuproiis halides. Above 140° the crystal has marked electrolytic 
conductivity, the current carriers being exclusively silver ions. 'i'Ue 
electrode ))otcnti;d of gold is much greater than that of silver, 
and aurous iodide is dcconifKjscd by warm water into gold and 
i< idine. 
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The insolubility of the monochlorides, bromides, and iodides of 
copper, silver, and gold is therefore highly significant; in more 
concentrated solutions these compounds could not exist. 

Complex Copper Ions. —Copper is remarkable for the ease with 
whicli it forms a number of stable complex ions. In this respect 
it roscnibk'.s its neighbours nickel and cobalt, and, to a less degree, 
zinc. Since the complexes play a very important part in the 
rliemistry of copier solutions, it will Ik* well to consider tlicm 
togetlicr. 

Cuf^ric Ion The formula weight of copper sulphate 

in M'hition, as determined by fn-ezing-point measurements, is 
almonnally high, while the trausjK>rt numlKrs vary considerably 
with the c<»nccntTation. Roth these observations indicate the 
formation of complext*s containing copper and sulpliate ions 
ei>mbined in pro])ortions at present unknown. Solutions of cupric 
chloride have been more fully investigated and show a simihir 
type of auto-complex forma turn. TIu* copjw may actually have 
a negative trans[K)rt nutnl>er (p. 202) in concentrated solutions, 
and the colour of the solution also depends on the concentration— 
dilute solutions are blue, concentrated solutions green. It is 
therefore supposed that solutions of cupric chloride contain lK»th 
uudissocialed molecules and also complex ions, probably CuCl^', 
and that the complex ions or the molecules are yellow, while the 
simple ions arc blue; tlie green cc»lour of concentrated solutions is 
then due to the presence of both blue and yellow forms. I'lie 
continued addition of hydrochloric acid, which increases the 
chloride ion concentration and hence reduces the proportion of 
simple cujiric ions, should therefore turn Die blue solutions green, 
and finally yellow, ;is in fact occurs. 

There can be little doubt that this simple explanation is incom¬ 
plete, for the number of molecules of water associated with the 
various ions almost certainly affects the colour. Tlie effect of 
hydrogen chloride may be due as much to its power of removing 
water for its own hydration, and hence increasing the effective 
concentration of the solution, as to the mass-action effect of its 
chloride ions. Thus the green and blue colours have been attributed 
to cupric ions—or even cupric chloride molecules—in different 
states of hydration. This h5^thesis alone is, however, incapable 
of explaining the existence of negatiN^ transport numbers, and it 
is probable that both complex-formation and hydration come into 
play to an extent which has not yet been exactly determined. The 
student should compare this behaviour with the still more striking 
case of cobalt chloride. 

When ammonia is added to a solution containing cupric ions, 
the precipitate of cupric hydroxide at hrst produced readily dis- 
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solves in excess of ammonia vnih the formation of tlie familiar 
splendid deep blue solution. This solution contains (CU.4NH3)” 
ions, as has been shown by distribution measurements of ammonia 
between cupric solutions and organic solvents, but in the presence 
of a large excess of ammonia, ions containing a larger proportion of 
it may be pnjdiiced. It requires less than four gr«im-molccu!es of 
amnjonia to dissolve one gram-molecule of cupric hydroxide, and it 
has been shown that in the presence of excess of cupric hydroxide 
some of it is present in colloidal solution. There is also some 
evidence for the existence of (Cu.3NIlj)*’ ions under these conditions. 

Some of these blue solutions will dissolve cellulose (e,g. cotton or 
filter-paper), first oxidizing it to oxycellulose—a property that has 
boon made use of in a process for the manufacture of cui)rammonium 
rayon. 'Die cellulose b ]>rccipitatcd by .squirting the solution 
through fine holes into a weakly acid bath, and the thin threads, us 
they issue from the holes, are twbted together while still in the bath, 
sixteen or twenty-four at a time, to make a ‘ silk * thread. 

(hipric ions also form complexes with numerous hydroxyl-con¬ 
taining organic substances. Thus a cupric solution will give no 
I precipitate with caustic soda containing a tartrate (sodium potas¬ 
sium tartrate, which has a neutral reaction, b commonly used), the 
solution merely becoming deep blue. The solution thus prepared 
is called Fehling's solution, used xs a test for organic reducing 
agents and in the estimation of reducing sugars. Cuprous ions do 
not form these organic complexes, so that if Fehling's solution is 
reduced, cuprous oxide is produced xs a red precipitate, but the 
cupric ion must be held in solution as a complex or it would itself 
t)C precipitated by the alkali. ITie complex ion has a double 
negative charge and is probably ‘ chelate ' (p. 350) with the structure: 


0 -—CO OC—O on—CH 

\ 1/ 


-HCOH 


Cu 


OHCH—CH—Oil 


\ 


o 


-CO OC—O’ 


Cuprous fan Complexes ,—The scarcely soluble .salt cuprous 
chloride, CuQ, dissolves very much Ijetter in chloride solutions 
than in water, and solubility measurements show that tlie formulae 
of the complexes formed are CuCl^' and CuCl/. Cuprous chloride 



462 THEORETICAL AND INORGANIC CHEMISTRY 


is usually dis‘<olvcd either in hydrochloric acid or in ammonia, witli 
which the cuprous ions form a complex. The most important 
complex cuprous ion is perhaps the cnprocyanide, Cu(CN)j,', which 
is rcmarkahlo for its extreme stability, the equilibrium-constant 

about 5X10-“. If a cyanide is added to a 

|Lu(CN)}, J 

solution conlaiiiing cupric ions cyam^'en is evolved and cuprous 
cyanide precipitated, unless there is a suflicienl excess of cyanide 
to dissolve it: 


2Cu“-h4CN'*'CeN, t +2CuCN \ . CuCN+2CN'•vCu(C\)/. 

By the addition <jf cyanides cupric ions can witlmut dithculty be 
removed from their ammonia complexes. 

Tlie extremely low concentration of ct^pper ions in equilibrium 
with cyanides makes it possible to dis^dve the metal in hydrogen 
cyanide solutions; if they arc hot, hydrogen is briskly evolved: 

aCu-f 2ir^2Cu* + H* t followed by Cu’+3CN'-^C!i(CN)j'. 

Tlje remarkable nature of this experiment will l)c appreciated when 
it is remembered that copper is a noble metal which will not liberate 
hydrogen from strong acids, and that the hydrogen ion concentra¬ 
tion 01 hydrogen cyanide solutions is very small, on account of the 
weakness of hydrogen cyanide {dissocialion-constant 7 X 70 “^®). In 
order to give a positive aflinity to the change 2Cu*|-2H'“>2Cu*+H.^, 
the concentration of cuprous ion must l)e reduced to an exceedingly 
low figure, and this can be done by adding cyanides in consider able 
excess. For the same reawm copper will deposit zinc from cyanide 
solutions, and if a large excess of cyanide is added to the electrolyte 
of a Paniki.i. cell the direction of the E.M,F. is reversed. 

In spile of its very low solubility* cuprous sulphide cannot l>e 
precipitated from copj.>er solutions containing excess of cyanide, 
rhis fact is used in the separation of copper and cadmium, for 
cadmium sulphide can be quantitatively precipitated from such 
solutions with ammonia and ammonium sulphide. 

Electroplating with copper is usually carried out in a bath 
containing the cyanide complex, with the object, as expiainexJ on 
p. 2f)8, of reducing the concentration of the metal ion. 

Oxides. —The two mi>st iinp(jrtaiit oxides of copj)er are cuprous 
oxide, CugO, and cupric oxide, CuO. 

Cuprous oxide, Cu^O, is obtained from Fchling's solution (p. 461) 
by reducing it with grape-sugar in the manner elI ready described. 
It can l>e obtained pure by carefully heating dry cupric oxide in a 
current of diy* sulphur dioxide: 

3 CuO+SOj—CuS 04 -|-Cuj 0 . 

The copper sulphate is extracted with water, leaving pure cuprous 
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oxide. If the sulphate is heated excessively it loses sulphur 
trioxidc and the cuprous oxide will be conlaruinatfd with cupric 
oxide. 

Cuprous oxide is a red powder insoluble in water. It dissolves 
in acids to form cuprous sails, but these are stable only if they form 
complex ions with the anion ol the acid. Otherwise copjxrr is 
depo.sited (it may react wilh the acid, if the acid is an oxidizing 
agent) and cupric ions are formed. Thus, with hydiochlonc acid, 
cuprous chloride is jiroduccd: 

Cu,0+2H’=2Cu' +H5O and Cu +2Cr^CuCI/ (also CuCIa*), 
buf with sulphuric acid, cupric sulphate and copper are formed: 

Cu,0 I-2H ==Ctr+Cn i 

and with nitric acid, cupric nitrate is oblained, but the copper is 
oxidized by the acid with the liberation of nitric oxide. 

Cupric oxide, CiiO, is made by heating copper in air, or more 
conveniently by heating cupric nitrate: 

2Cu(N03)»«2Cu0h 4NO, t +0* t • 

(This IS the effective ec|uation. The reaction is actually more 
complex.) It IS a black hygroscopic substance which dissolves in 
acids forming cupnc salts, ii strongly heated it gives up some of 
its oxygen and is converted to cuprous oxide, and is much used in 
organic analysis for oxidizing the carbon and hydrogen of organir 
compounds to carbon dioxide and water, it can easily be reduced 
to the metal by heating in hydrogen. 

Copper pero^e, Cu02> associated with varying amounts ol watei, 
can made by treating solutions of cupric salts with hydrogen 
peroxide* 

Cu’ d-H^O^-^CuOg I +2H. 

It IS insoluble m walei, and is a strong oxidizing agent. 

Hydroxides. —Cupric hydroxide, Cu{OH)^, is precipitated, mixed 
with basic salts, as a blue gelatinous substance when a caustic 
alkali is added to a solution containing cupric ions. If the solution 
is boiled the precipitate turns black, and has then the composition 
4 CuO.H^O. 

Cuprous Salts. —The conditions m wluch cuprous salts are 
stable have already been discussed. 

It w'as formerly suggested that copper is bivalent in the cupreous 
salts, and that the cuprous ion is a complex produced by the union 
of a cupric ion with a copper atom (compare the mercurous salts, 
p. 509): 

or+Cu^(Cu,)". 

The evidence on this point is decisive, and there appears to be 
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no doubt that true cuprous ions, Cu*, do exist in solution. Tlie 
chief evidence for the double ion tlicoiy was as lf>llows: 

(j) The vapour density of cuprous chloride sIkavs it to exist in 
the form of double molecules, CujCU. even at 1600®. Cuprous 
iodide, however, exists in single molecules at 1000®. 

(ii) In some organic solvents the molec^ilar weight of cuprous 
compounils has been shown by freezing-point measurements 
to be double; in others, however, it is single. 

(iii) TJie analogy with mercury, which is ceitainly bivalent in 
the mercurous comi)ound 5 . 

On the other hand, 

(i) if copj)er forms no univalent comjxmnds it is the only 
element of Group I not to do so; 

(ii) the existence of even one well-anlhenticated instance of 
single molecules in oi^anic solvents ]>roves that univalent 
coj)]>cr can exist, and there arc several such instances; 

(Hi) it has bc^en sliown from a study of the equilibrium between 
Cu, Cu**, and metallic c<»p[>or that the expression (Cu*)/ 
(Cu*)* is nearly constant. This is to be expected if the 
e<iuilibriam is aCu'^s^Cu-J-Cu*'. but cajmut be reconciled 
with (Cug**)?»iCu+Cu** (cf. p. 510). 

The crystal structure of the cuprous halides resembles that of zinc 
sulphide, and is tlierefore non-ionic. 

Tlie salts with the anions of weak acids arc all insoluble in wat<T. 
I’he remaining salts are decomposed by water unle^js they lonn 
complexes. 

Cuprous chloride, CuCl, is prepared by boiling a solution of 
cupnc chloride in liydrochloric acid with copper turnings: 

Cu *+Cu4-4a'^2CuCV (and CuCl/). 
or by reducing the solution with sulphur dioxide: 

2Cu*‘+SOj+2HjO+4Cr=S04'+4ir-h2Cua3' (and CuClj*). 

The solution is poured into water from which the air has been 
removed by boiling: on dilution the hydrocliloric acid will no longer 
take up so much cuprous cliloridc and the complexes CuCl^' and 
('uCla' are partially broken down. Cuprous chloride is therefore 
precipitated. 

Cuprous chloride is cohiurlcss, insoluble in water but soluble 
in chloride solutions (usually liydrochloric acid) and in ammonia. 
In contact with water and air it turns green with the formation of 
basic cupric chloride, CiiClj.Cu(OH)g. Ammoniacal solutions of 
cuprous chloride are tisetl in gas analysis for absorbing carbon 
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monoxide, which \vith cuprous chloride forms tlic colourless com* 
pound CuCl.CO.HjO. With acetylene, ammoniacal solutions of 
cuprous chloride deposit tlie feebly explosive substance cuproim 
acetylidc, Cu^C.. 

Cuprous chloride is slowly hydrolysed by air-free water with 
the prciduction of cuprous oxide and hydn^chloric acid, particularly 
if the acid is removed as soon as it is formed (as when the cuprous 
cliloride is washed): 

2CuCl+HaO«=Cu.pi +2HCI 
With boiling water, copper andcui)ric chloridi* are formed: 

2CuCl-»4ri]Cl*+Cu I. 

Cuprous iodide, Cul, is prexupitated when solutions containing 
cupric and iodide ions arc mixed, iodine being liberated simul¬ 
taneously: 

2Cu''+4r->2CuI I I I,. 

This is one of the examples of the spontaneous production of an 
insoluble cu]iroiis salt from cupric ions. A similar reaction dues 
not occur with cupric chlorid<* bt'cause a higher potential is retjuired 
to dischatgc chloride ions as chlorine than iodide ions as iodine. 
The reaction afford.^ a convenient method for tlie volumetric 
analysis of cupric solutions. Excess of an iodide is added and the 
iodine liberated is titrated against thiosulphate. The reaction is 
to a slight extent reversible, and to make it go to completion it is 
beit to s'ldd to the mixture a little potassium thiocyanate, which 
forms the very insoluble cuprous thiocyanate with any cuprous 
ions which may have remained in solution. 

Cuprous sulphide, CU2S, is formed, together with cupric suJpliide, 
when copper and sulphur are heated together, and can also be 
obtained by passing hydrogen sulphide through a solution of cuprous 
cliloridc in hydrochloric acid. It is insoluble in water. 

Cuprous cyanide, CuCN.—Tlie preparation of this substance 
from solutions containing cupric and C3ranide ions has already been 
alluded to. 

Cuprous thiocyanate, CuSCN, is an insoluble substance prepared 
in the same way from cupric solutions and thiocyanates; but in 
order to accelerate the decomposition of the cupric thiocyanate, a 
reducing agent such as sulphur dioxide is usually added to the 
solution. 

Cuprous sulphate, CU2SO4. has been made from cuprous oxide 
and methyl sulphate: 

CU20 + (CH3)2S04-CU2S04+(CHs)20. 

Water must be rigorously excluded during the reaction. The 
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sulphate is colourless. It is more soluble in water than cuprous 
chloride, and consequently much more rapidly decomposed by 
water. An ammoniacal solution of cuprous sulphate can, however, 
be prepared in which the cuprous ion is combined with ammonia. 
It rapidly absorbs oxygen if exposed to tlie air. 

Cuprous nitrate, CuNO^, exists only in the form of complex 
salts, e.g. with acetonitrile, or tliiourca. 

Cupric Salts. 

Cupric chloride, CiiCl|, is made by dissolving the oxhle, hydroxide, 
or carbonate in liydrochloric acid and cva|>c>rating the solution to 
crystallisation. (The action of chlorine on copper yields a mixture 
of cuprous and cupric chlorides.) The anhydrous salt can h** 
obtiiined from the hydrate CuClj.gHjO by warming it gently in a 
current of dry hydrogen chloride, to prevent hydrolysis. If the 
i(imp(Tuture rises too high the salt dissociates into cuprous chloride 
and chlorine: 

2CuCI,*2CuQ+CIj t • 

The anhydrous salt is ycllowish*brown and deliquescent; the colour 
of its aqueous solutions has already been discussed (p. 460). With 
ammonia cupric chloride fonnscompounds, CuCl^.zNH^, CuCl.^.4Nlij, 
CuClj.hNHj, in accordance with the rule that complex ions existing 
in solution usually have their counterpart in the solid state. 

Cupric bromide, CuBr,, resembles the chloride. 

Cupric iodide has never been i)repared. As we have already seen, 
it could not exist in contact with water. 

Cupric carbonate.—The normal carbonate has never Im'ch pre- 
partnl. but a green mineral with the composition CuC03.Cij(0H)^ 
IS well known uncici the name of malachi*e. The precipitates 
obtained from carbonate solutions and cupnc solutions are either 
basic carbonates or dou]>le carbonates such as CuCOj.NagCO^. 
The basic and double carbonates of copper easily lose carbon 
dioxide on heating. 

Cupric sulphide, CuS, is a brown or black substance precipitated 
from cupric solutions by hydrogen sulphide or ammonium sulphide. 
It is very insoluble in water, and will not dissolve in ' yellow 
i i ni m on i um su Iphide. * On strong heating, it decomposes ini 0 c iiproii s 
sijl]>hidc and sulphur, but if air is present cupric sulphate is formed. 

Cupric sulphate, ‘ blue vitriol,' CUSO4.5H2O, is the commonest 
compound of copper. It is made on the large scale by blowing air 
through a hot mixture of cofjper scrap or copper turnings with 
dilute sulphuric acid: 

2Cu+4H‘+0,=2Cu‘ +2HaO. 

It comes into commerce in large blue crystals. 
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On heating, it can be successively converted into the monohydrait 
CuS04.Hj 0 and the anhydrous salt CUSO4, a white powder. In 
the presence of water the white powder becomes blue from formation 
of the pen tah yd rate. It is used as a test for water, and also in 
the dehydration of such substances as the alcohols. On strong 
heating, it decomposes into cupric oxide and sulphur Irioxide: 

CuSO^^CuO -l-SOj t. 

Copper sulphate is very poisonous, especially to the lower forms 
of p1a])t life, and is used in spraying mixtures to kill the fungus 
whicli causers ]X)tato disease, and to spray vines. The spraying 
mixtures usually contain lime (' Bordeaux mixture ') or sodium 
carbonate. Copper sulpliate is the usual s<iurce of copper for 
copper-jdating. 

The anhydrous salt fonns a number of compounds with ammonia. 

Cupric nitrate* Cn(N03)2.3H,0, is obtained by crystallization 
from solutions of the oxide, hydroxide, or carbonate in nitric acid. 
It cannot easily be obtained anhydrous, as on heating the hydrate 
hydrolysis takes place. The hydrate is a blue dcli^iuesccnt substance 
soluble in water. 

Cupric ferrocyanidet Cu^Vc(Cii)^, is obtained as a chocohite- 
coloured gelatinous ])recipitate when cupric solutions are mixed 
with ferrocyanide solutions. It ha.s been used in the preparation 
of semi-permcaV»l<* membranes for ex]>criments on osmotic pressure 
{ p - 1 : 54 )« 

Detection anp Estimation of Copper. —Cupric soliitiojis are 
recognized by their colour and by the deep blue solution produced 
on the additit^n of ammonia in excess. As was first recorded by 
Jabir ibn llayyan, copper comjwunds give a bluish-green colour to 
the colourless Bunsen flame. The reaction with potassium lodule 
solution is also characteristic. Copper can be estimated gravi- 
inetrically as the sulphide or oxide, volumetrically with potassium 
iodide and sodiutn thiosulphate, or electrically by deposition as 
metal on a weighed cathode. Colorimetrically, it may be determined 
by means of sodium dielhyl-ditbio-carbamatc, whicli produces a 
brown colour when added to alkaline solutions containing traces of 
copper. 


Silver 

Ag-!-107*880. Atomic Nunrhfir , 47 

History.—Since silver occurs native, and is also easily extracted 
from its ores, it has been known since very ancient times. During 
the Old Empire (3000-2500 B.c.) silver wa.^^ scarce and costly in 
Egypt, where it was known as ‘ white gold.' and wluther it seems 
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to have been imported from Asia. Later on, however, it was 
produced in greater abundance, and its relative value to gold sank 
to about I to 10 or i to 13; it will be remembered that in the time 
of Solomon silver was held in little account. The process of 
cupellation (p. 469) is mentioned by Pliny (first century a.d.), 
and the ' parting ’ of gold and silver by means of nitric acid Ls 
described by Moslem chemists of the thirteenth century. Among 
the alcliemists, silver was astrolf^cally connected with the moon, 
and was thus frequently designated Luna, and symbolized by the 
lunar crescent. A relic of this doctrine Ls to be found in the 
apothecaries' name for silver nitrate— lunar caustic. 

Occurrence.—Native silver does not occur in sufficient quantity 
to be an important source of the motal, though masses weighing 
up to three-quarters of a Ion have occasionally been discovered. 
The principal ores are atgenliu, Ag|S; pyrat^riu, 
stephaniie, 5Ag|S.Sb^Sj; and dyscrasiU, Ag^Sb; but large quantities 
of silver are mso extracted from argentiferous lead and copper 
ores—thus galena invariably contains silver, the proportion of 
which may reach some thirteen pounds per ton. The principal 
silver-producing countries are (in order of output): Mexico, United 
States, Canada, and Peru. 

Extraction.—The chief processes at present in use for the extrac¬ 
tion of silver are: 

(i) The cyanide process. 

(ii) The desUveiization of lead. 

A third process, depending upon the formation of an amalgam 
of silver with mercury, is now nearly, if not quite, obsolete. 

Cyanide Process, —The silver ore is first stamped and ground to 
an impalpable powder. This is then treated for some hours with 
sodium cyanide solution, air being blown through the liquid, which 
is contained in a special ' agitating-vat.' The object of the air 
is to convert the s^ium sulphide, fonned as a result of the re¬ 
actions between the silver sulphide and the sodium cyanide, into 
sodium sulphate, This ensures closer approach to completion of 
the reaction: 

Ag^-H4CNV2Ag{CN),'+S'. 

The solution of sodium argentocyanide is then treated with zinc 
(or aluminium) dust or shavings, when metallic sUver is precipitated. 

DesUverization of Lead, —In the extraction of lead from galena, 
the lead carries all the silver with it. To extract the silver, the 
lead-silver alloy must hrst be concentrated, an operation usually 
carried out by either Pattinson's process or Parkes’s process. 
Pattinson's process depends upon the fact that when argentiferous 
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lead is aUowed to solidify, the ciystals that separate lirst consist of 
pure lead; removal of this lead results in an alloy richer in silver. 
Repetition of the operation finally yields an alloy containing about 
I per cent of silver. This is tlien subjected to cupcllaiion (see below). 

Parkes's process, now almost exclusively used, is basetl upon the 
facts (i) that molten zinc and molten lead arc nearly immiscible, 
and (2) that silver is much more soluble in zinc than in lead (the 
distribution coefficient at 800° is about 300). Hence, when zinc is 
added to molten argentiferous lead, most of the silver forms an 
alloy with the zinc. This alloy floats on the surface of the molten 
lead, and, on cooling, solidifies before the latter. It is skimmed off, 
the zinc is removed by distillation from plumbago retorts, and the 
residual alloy of silver with a little lead is then cupelled. If neces¬ 
sary, the desUverizing process can be carried out two or three times, 
and the residual lead may then contain as little as 0*0005 
cent of silver. 

Poor silver ores are sometimes mixed with lead ores, in order 
that the metal n)ay be extracted as al>ove. 

CupcUaiion.^lht enriched silver-lead alloy resulting from 
Parkes's process or Pattinson's process is melted in a shallow 
hearth or ‘ test * made of bone-ash (calcium phosphate), or, im>rc 
usually, cement. A current of air is blown on to the molten metal, 
when the lead is oxidized to litharge, which is absorbed by the 
bone-ash: 

2rb+0t===2Pb0. 

When the lead has all been oxidized away, a bright surface of 
shining metallic silver suddenly appears, marking the end of the 
operation, 

Refi^icmeni of Sr/ver.—The silver obtained by careful cupellation 
is pure enough for most purposes, though if it contains gold this is 
removed from it bv ' parting' with nitric acid or sulphuric acid 
{see p. 473). Richards and Wells obtained very pure silver by 
the method described below. 

Uses. —Silver is used in coinage and in the manufacture of table¬ 
ware and ornaments. Since the pure metal is rather soft, it is 
generaUy alloyed with copi^er, of which the old British coinage silver 
contained 7*5 per cent. Silver crucibles are occasionally used in 
the laboratory for the fusion of the caustic alkalis, which attack 
most other metals. During a temporary fall in price, the use of 
silver for containers of adds and other corrosive liquids extender! 
to industry. 

Compounds of silver are used in photography, in making marking- 
ink, and in volumetric anal3^i$. 

I^perties.—Silver is a white metal which will rake a high polish 
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and has been used in making mirrors. Silver vapwur is blue, and 
vapour-density measurements show it to be monatomic. 

Silver is a typical noble metal, and as it forms only one series of 
stable salts its chemistry is simpler than that of either copper or 
gold. Silver is unalTectcd by pure air but tarnishes in air containing 
traces of hydrogen sulphide, always fouinl in towns from the 
burning of coal; the bltick substance formed is silver sulphide. 
Silver egg-spoons rapidly become black for a similar reason—eggs 
contain combined sulphur. Like copjier, silver will dissolve only 
in adds which oxidize it or form complexes with it. With nitric 
acid it gives silver nitrate and nitrogen oxides, and with hot concen¬ 
trated sulphuric acid, sulphur <)ioxide and the insoluble compound 
silver sulphate; dilute sulphuric acid has no action. Hydrochloric 
acid has only a very slight action. 

Silver can be made in a state of very great purity. It U preci¬ 
pitated from a solution of pure silver nitrate with an organic re¬ 
ducing agent (sugar), and the product is fused in a boat made of 
pure quicklime. Hy this process Richards and Wells were able 
to prepare a metal for atomic weight determinations with a purity 
of 99*999 per cent. The fusion most be carried out in hydrogen or 
in a vacuum, for molten silver absorbs considerable quantities of 
oxygen, which arc given out on cooling; the evolution of gas is 
called ' spitting,* and leaves marks on the surface of silver which 
has Ix'cn meUeil in air. 

Complex Silver Ions.—Silver resembles copper in the formal ii^n of 
stable complexes with ammonia, cyanides, and, to a less degree, 
chlorides; it also forms complexes with sulpliites and thiosulphates 
(p. 6 qi), 

The ammonia complex, which has the formula {Ag.2NHa}*, is 
used in qualitative ann lysis in distinguishing between the chloride, 
bromide, and iodide of silver, for ammonia in ordinary concentra¬ 
tions dissolves the chloride readily, the bromide with difficulty, and 
tlie iodide scarcely at all. The action in each case is the same, e.g.: 

Aga+2NH,=(Ag.2NH3)*+Cr. 

Hnd the difference in behaviour is due to the different solubility 
products of the three compounds, winch are approximately as 
follows: 

[Ag] [Cl'] = 2Xio-»». (Ag] [Br']=4Xio“i\ [Ag*] 


Tlie dissociation of the complex ion is controlled by the equation: 

X10"®. and it can be shown without difficulty 

[Ag.2NH3} ' 

that the observed facts are in agreement with calculation. Since 
the solubility product of silver sulphide, fAg*]®[S'], is about 
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it is obvious that silver sulphide can be precipitated Irom am- 
moniacal solutions of any concentration. 

The cyanide complex is exceedingly stable, and exists in two 
forms, Ag(CN)j' and Ag(CN)j'. The latter is produced in .solutions 
containing a large excess of cyani<1e, and removes all but a vecy 
few silver ions from the solution, as can be seen from the very low 


[Ag*l rCN'l* 


value of the dissociatioD'Ccnslani, \ * Mvts- J. — lO"**. Solutions 

lAg((.N),'J 

of cyanides will therefore dissolve all the insoluble salts of silver— 
even silver suljihide if they are suflidenlly concentrated—and 
bilvcr-cleaniiig jx^wders are sometimes found to contain potassium 
cyanide, a most undesirable ingretlient. Cyanide solutions are 
used in the wet extraction process for silver, and in silver-plating 
baths to teduce the concentration of stiver ion. 

The complex chloride ion, probably AgCI,' or AgCl,', is much less 
stable than those just discussed, but it causes a noticeable solubility 
of silver chloride in chloride solutions which must be guarded 
against in analysis. 

OxiDUS.— Argentoos oxide, Ag/), is precipitated as a hrf>wn or 
black substance when caustic alkalis arc iwklcd to silver solutions: 

2Ag +20ir^Ag,0 I -fH.O. 

Jf ammonia is uscsi the oxide easily dissolves in excess of ammonia, 
and the resulting solution is used as a test for reducing agents, 
which precipitate silver as n black precipitate, a mirror on the side 
of the vessel, or a colloidal solution of varying colour: 

Ag‘+eIertTon->-Ag |. 


Silver oxide is easily decomposed by heal into the mptal and 
oxygen. No hydroxide is known. The annnoniacal solution, 
when oxidized by the air, deposits a black explosive substance 
called ' fulminating silver/ believed to be silver nitride, Ag^N. 

Argentic oxide, AgO, precipitateii from silver solutions by ozone 
or persulphates, is black, unstable, and a strong oxidizing agent which 
will convert ammonia to nitrc^cn. 

SiLVEK S.\LTS.—All the salts tliat silver forms with the anions 


oi weak acids arc insoluble or only slightly soluble in water [compare 
copper), and so arc the halides, except the fluoride, a phenomenon 
which has already been disaissed on p. 459. 'fhe sulphate also is 
only slightly soluble, so the only common soluble salts are tlie 
nitrate, chlorate, perchlorate, and fluoride, though with ammonia, 
or cyanides solutions can easily be obtained containing silver in 
the form of complex ions. The insolubility of the silver salts of 
organic acids is often made use of in organic chemistry. 

Silver carbon&te, AgXOs, is a ]>alc yellow substance precipitated 
Q 
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when aminoniacai silver solutions are treated with carbon dioxide. 
It is readily decomposed on heating, first into silver oxide and then 
inlo silver. 

Silver nitrate, AgNO^, ‘ lunar caustic/ is the commonest cem- 
jvuind of silver, and is made from silver and nitric add. A solution 
of silver nitrate is used as marking-ink, since it is reduced to metallic 
silver (hlack in tlie finely-divided form) by organic matter, and the 
‘silver precipitate'd in tlie fibres of the niatrrial cannot be washed 
(jiU, l^>r the same reason silver nitrate solutions colour the skin 
bh'u'k. 

Sii.vr« llAi.ihi'S, AgCL AgHr, Agl, arc precipitatid as white or 
yellow jirccipitates when silver sointionv are mixed with 
solutions of the eorr<‘s]xmding halide. As already mentioned, they 
an' all insolubli* in water, but an* st»hihle in suilahle ctmiplex- 
hirmiiig reagents. Thi'V are often pred|Htated in the colloidal 
fibrin but am nsually be nwgnlali'd by shaking or boiling. They 
all grow darker on exi><>sure to light, a phenonvnon which is used 
in ph(i1t»graj>liy and which, as has Ix^eu explained on p. 274, is 
fhie to the formation of metallic silver. The solid halides all comhiiie 
with aminoma to form roinprmn<ls such as 2AgCh.iNHj^. 

Argentous fluoride, AgF. is icniarkable iis Ix'iiig the only silver 
halide soluble in water. The bright yell<»w anhydrous salt and tiie 
colourless hydrate, AgF.2H80. are ImUIi extremely fleliipiescenl. 
Owing to liydrolysis a black j'ronpitale of mixed metal and oxide 
sej^aratos fiom the hot aqueous solution. 

Argentic fluoride, AgFj, is obtained ns a tinrk-coloured solid by 
Iicaling silver chloride in fluorine. With water oxygen is nTeased 
and argentous fluoride formed. The strong magnetic properties 
reveal the presence of Ag'*, which unlike Ag*. has an odd iiumlxT 
of eloctnms. 

Silver sulphate, Ag^SOj, is obtained by precipitaring silver solu¬ 
tions with excess of sulphuric acid. It is only slightly soluble in 
water (about i per cent at room temperature). 

Silver sulphite, Ar 2S08, is insoluble, but readily rUssolvcs in 
sulphite solutions, forming the complex ion AgSO/. 

Silver sulphide, Ag^S, is a very insoluble black .substance i)rr>ducccl 
when silver sf)lutions are mixed with sulpliidcs. When heated in 
air, it forms silver and sulphur dioxide: 

Ag2S-}-O2=2Ag+S0j I. 

Silver thiocyanate, AgSCN, is very insfihible, a fact which is 
made use of in Volhakd's titration of silver nitrate against am¬ 
monium thiocyanate. The solubility-product, is considerably 
less than that of silver chloride. 
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Detection and Estimation of Silver.—S ilver is detected by 
t!ic prcci[)itate which its solutions give wth chIorid(“S, soluble in 
aiiimonia but not in dilute nitric add. It can be estimated gravi- 
mctrically as silver chloride, and vulumetrically by titration against 
a chlondo, brontidc, ioduh*, or lhi<.«:yanale. I hcrc is no satisfactory 
colorimetric method ol determining silver. 


CcUD 

All—707*0. AtonifC Ninnhn, yq 

History.—Like silver, guhl Inis lx»en known irom prehistoric 
times, 'i hc universal cslecm in which it has boon held Ivi several 
iJinusand years is a queer hut immeasurably iinp<»rlaTit psycho- 
Ingical phonumenon. it has already been mentioned, in the 
Historical Introduction, that tlie desire for giild wcls a deciding 
(actor in the dovelopinent of chemistry. Alchemical literature is 
almost entirely a literature of the supposed art o( go Id-making; 
ami alchemy, of the cruder sort, is still practised—not merely in 
l)ackward countries, but in the western civiiir^vlions. It is wortli 
relh'cting that ii ever gold is iTTcpared synthcticiUy on a large .scale, 
it will, ipso /ado, lose its t>ec\iliar value: a jxjint which Dioclkti.\n 
was shrewd enough to perceive, but which rarely entered the con- 
.scioiistiess of an alchemist. 

Occurrence,—(iold mainly oreui-s native, though it i« frequently 
present in the ores of othfr metals to an e.\teiit wliidi makes its 
extraction from them profitable. The native masses vary in size 
Inun microscopic grains to lumps weighmg as much as iSo-go lb. 
The principal gold-producing countries (in order of output) are: 
South Africa, Russia, United Slates, and Australasia, the lirsl 
iu counting for nearly lialf the total. 

Extraction.—Ciold is now extiactod from its ores by the wet 
or cyanide process, which cm be applied to ores or jesidues rela- 
tivi'ly poor in gold. It was inimduccd by M‘Arthuk and Fouuest 
in 1887, and it is said that one mine, after putting up a plaut costing 
£2,000, made with it a working pn»fit of £3,000 a month. 

In this process tlie fincly-tTushetl material is thoroughly extracted 
in the piesonce of air with a st'lution of sodium cyanide, in which 
Uie gold dissolves to form aurocyaiiide ions: 

4Au+8CN'+0,+3lU0=4Au(CN)4'-l-40H'. 

The gold is precipitated from tins solution by zinc, and refined 
either electrolytically or with the help of tlie volatile compound 
auric chloride. 

Separation of Gold from Silver .—In the extraction of silver, the 
product frequently consists of a silver-gold alloy witli a small 



474 THEORETICAL AND INORGANIC CHEMISTRY 

though valuable proportion of the latter element. Separation or 
' parting ' is effected («) by digesting with hot concentrated nitric 
acid, which dissolves the silver and leaves the gold as a brown 
powder, or (fc) by boiling first with sulphuric acid and then with 
nitric acid, in which case the gohl is left as a brown porous mass, 
and the silver passes into solution as silver sulphate. 

Properties. —Gold is a yellow metal which mclls at 1064^ to a 
green liquid. It is the most ductile and the most malleable of all 
metals, and can be beaten imt into sheets (called ' gold leaf') as 
thin as o*cx)Ooi mm., or dniwn (»ut into very fliin wire, lls high 
density niakcs if very difficult to counterfeit, tis gold which 

has been alloyed with a less precious mcial such as silver lias a 
much lower (lensiiy; a fact which according to tr;idilion was first 
applied by A re hit nodes. <A>llf»idal solutions of gold can b<? prepared 
by reiluciijg gold solution.^ with .such reducing agents as phos}>honjs, 
hydrazine, or formaldehyde, and arc usually brightly colon rod. 
'I'hc pigment called * purple of Cassius ' was discovered by Cassivs 
in 1685, and is a colloulal solution of gold ui .siunnic oxide, prepared 
by rctlucing gold solutions with stannous chhiride. It luis a fine 
red or purple colour and is used iti colouring glass or jjorcoiain. 
R. CAMTHiiLL 1 ‘noM 4 'SoN hos adduced evidence .suggesthtg that 
j)urple of Cassius was known to the ancient Assyrian gl«iss*makers. 

(iold has a slam lard electrode jxiteiuial of aUnil 1*7 volts, and is 
one ol the mo>l m^ble of the metals, it will dissolve (»niy in solutions 
with which it can form ccimplext's. It can Ih‘ dissolved by ac^ua 
regia, a mixture of mine and Imlrocliloric acids in the proportion 
of about OTIC to three; tliis mixture evolves chlorine, by which gold 
is reudilv attacked, and the metal dissolves (o form chlorauric 
ions, AuCt4. The solubility of gold m cyanide solutions in the 
presence of air has already been mentitmed. 

Gilding is earned out cillicT by electroplating from a gold cyanide 
bath or by applying gold leaf to the surface of the object. The 
chief use of gold is, however, in coinage or jewelry. Since puic 
gold 15 soft it is for these purposes alloyed either with silver (as 
in AustralicOi coinage) or with copper (a.s in the former English 
coinage): the former alloy is pale yellow, the latter almost orange. 
The proj)ortion of gold in such alloys is said to be 22 carats, which 
means that they contain 22 parts of gold by weight in 24; pure 
gold IS 24-carat, 

Oxides and Hydroxides. 

Aarons ozide» Au^O, is obtained by reducing a solution of an 
aurichluridc with sulphur dioxide and adding caustic alkali: 

.AuCi ;4 S 0 ,+ 2 HP 4 OH'-AuOH i +4jr+ SO4* i 4 <T. 
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Tlie black anrous hydroxide loses water on ^cnt\e. hcatin^? to form 
anrous oxide, which is itself easily decomjKised at a higher tem¬ 
perature into g<»ld and oxvgrn. 

Auric hydrozide» AuO.OlI, is prccipiialed by adding caustic 
alkali to a solution of auric cliloride, Aut'lji 

AuClj+ 30 H'=:Aij(). 0 Hi l-jCI' | 11./). 

1’he hydroxide is soluble in excess of caustic alkali, so it is best to 
curry out the precipitation wlh the almost insoluble magnesimn 
hy(lroxi<lc. Any excess of this reagent can be removed from the 
pnxipitato by wuslnngit witli dilute nitric acid. 

Auric hydroxide dissolves in caustic alkalis l>ecausr it is a weak 
tK'id (it is somctimc.s called auric acid); in such alkaline solutions 
the gold is in the anion. The hydrf>\idc is decomposwl at u moderate 
temperature into gold, water, and oxygen. With ammonia ' ful- 
miitating gold* can be obtained; it resembles the analogous silver 
compound in its properties. 

Gold Comi>ouni>5. —These form two scries, the aurons, in which 
g<jld is univtilent, and the auric, in which it is torvalcnt. The auric 
compounds arc covalent and do not give measurable qu;mtitles 
of auric ions in solution (compare the quadrivalency oI lead); they 
are not very stable excejit in tlie form of complexes sucli as the 
{ lilorauraks. AuCl/. Tlic aurous halides, like the cuprous and argen- 
lous (tlie fluoride excepted), arc ins<iluble in water, and for the 
same reason. Like 11 le mono-halides of clipper they arc deer imposed 
by boiling water into higher halide and metaJ; the auric lialidc may 
docomposc further into gold and halogen, lake the auric com¬ 
pounds, they form fairly stable complexes (such as AuClj') with 
halide ions, and are consequently soluble in halide solutions, and 
they also form complexes with ammonia. 

Gold forms a very .stable aurocyanide complex, Au(CX)2', and 
all compc>un<is of gold will dissolve in cyanide solutions. Gold 
itsk'If has a much higher standard electrode potential than copper 
(4-1*7 volts against 0-52 volts), smd unlike copper will not lil:>eratc 
hydrogen from cyanide solutions, but it will dissolve in Ihem if 
there is air present to oxidize the hydrogen. 

Aurous Compounds. 

Aurous chloride, AuCl, is obtained by gently heating auric 
cldoridc: 

AuCl3=AuCl +Clj f. 

It is insoluble in cold water and decomposed by hot water into 
auric chloride and gold: 

3AiiC1=2Aii I +AnC)j. 
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Like cuprous chloride and silver chlori<lc, aurous chloride is soluble 
in ammonia, and the solid fonns compounds with ammonia gas. 

Aurons io^de, Aul, produced when an iodide solution is added 
to an aurcius or an auric solution; in this respect it resembles 
cuprous iodide: 

AuCls+al -AuI|+It+3Cr. 

It IS unstable and is easily decomposed into its elements. 

Aqious sulphide, AusS. is precipitated in somewhat similar 
fashion by a .sulphide from either aurous or auric solutions. It 
is a black insoluble substance: 

2AuC1,+3S*=Au^ I +2S i + 6 Cr. 

AtJKIC CoMroUKDS. 

Auric chloride, AuCIs, is prei>}ireu by the action of chlorine on 
gold. It forms a hydrate, AuC 1.^.2H,0, and is sidublc in water, but 
it is a covalent compound and its solutions do not contain auric 
ions—which indeed api>car not to exist. The low melting'jwint 
(28??*) and the volatility support this view, and the electrical 
conductivity of a freshly prejwrcd solution was found by Kohi.- 
RAifSt u to be ver>» small at fiist, gmdually rising with the formation 
of hydrogen chloride by hydrolysis. Auric chloride is soluble in 
some organic solvent.^—another indicaiion of covalency. When 
heated it dccomiioscs into aurous chloride and chlorine. 

It is stable in chloride solutions, in which it forms the anion 
AnCl/; from the hydrochloric acid solution ckloroauric acid h,xs been 
isolated as the hydrate HAuQ^. 3H20. This is used in photography, 
under the name of ‘ chloride of gold/ for toning prints. 

Auric iodide, Aul^, js less sU\l)le than the chloride and is decom* 
p(W(‘cl at a lower tcmpcralure }nti> aurous halide and halt'gen. It 
is also decomj*M)sed by water, but stable solutions of iodo^aurates 
can be prepared containing the anion Aul/. 
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Thk chemical properties of mdium and its cumixjund^ liavc not 
hr Cl) siifheiently tli<>roiu;hly mvosl}.i*ute(l to receive ^separate 
lreatnu‘nt here. In so far as they arc knoAii they closely resemble 
thnsc of barium. 

The order of the standard eleclnxlc potentials is: 

Ha. Sr, Ca. M^'. He, Zn, (*d. lit:, 

that IS, from the heaviest element of Subgroup A to the heaviest 
element of Subgroup B, the typical elements occupying an inter¬ 
mediate position. Tlie subgroups do not resemble each ottier 
very closely, but the valency in alJ the soluble compounds is two: 
the mercurous compounds are only an apparent exception to this 
rule, as will be seen when we come to study them. *rhe typical 
elements resemble sometimes one subgroup and sometimes the 
other, but, on the whole, m;^(nesium goes with Subgroup A and 
beryllium with Subgroup B, that is, the dividing line in the series 
given above is to be drawn between Mg and Be. 

1. The action of the metals on water is what would be expected 
from the electrode potentials, and ranges trom barium, which 
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reacts very vip:or()usly, to mcrcurv', which is readily precipitated by 
reducing agents from solutions of its salts. The action of air on 
the metal follows Ihe same order. 

2. The same is true of the tendency of the elements to form 
covalent comjHmnds, though beryllium, with its very small atomic 
volume, IS perhaps more prominent in thi^ direction than its 
jK>sition in the electrochemical scries might indicate. The Sub¬ 
group A dcuieuls, with their very low densities and their high a(<)mic 
volumes, form predominantly cli'cfrovalcnl compounds, while the 
Subgroup B elements, with their high densities and low atomic 
volumes, form j)artly elecirovalent and partly covalent compounds, 
'[1 k*sc covalent compounds have comparaiivcK' low mdring- and 
boiling-points an<l arc s<.»lu!>lo in organic solvents, W'liile their 
soiulioiis coninin a considerable pro|>orli<in of unionized molorub^s. 
It is instructive to compare the melting-pc nuts of the rhlorhles in 
the two groups: 
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The chlorides in the right-hand group arc all 1 y soluble in organio 
solvents, those m (he left-hand grouj' arc nut, cxcopt to mhiu' 
extent calcium chloride. 

The power of forming covalent orgaiuc comj'rjmuls begins with 
magnesium and is very marked with niercury. 

3. The tendency to form complex ions and auto-com]>lexes 
increases in the same onler: it is unimp<»rt3iit in Subgroup A, 
though already appreciable in calcium; marked with beryllium; 
and very prominent with zinc and especially cadmium; while the 
mercurous ion, a complex, is so stable that it was formerly mistaken 
for a separate valency type. The same applies to the tendency of 
the salts to fonn hjnlrates—but mercury is an cxci‘ption to this. 
The ions of all these elements are colourless. 

4. The hydroxides of Subgroup A are soluble or slightly soluble 
in water: those of the typical elements and Subgroup B are nearly 
insoluble. Magnesium and Subgroup A hydroxides arc strongly 
basic, whUe the others are ^veak bases also p^sessed of feeble acidic 
powers, which decrease in the usual way with the atomic number 
of the metal. 

5. The ease with which the hydroxides, peroxides, carbonates, 
sulphates, and nitrates can be decomposed by heating increases 
fairly regularly from barium to mercury (but beryllium forms no 
peroxide). 

6. Subgroup A metals share wuth the alkali-metals the power of 
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forming hydrides of electrovalent type (formula MH2) when I he 
tnetal is heated in hydrogen; the remaining elements of the group 
form no similar hydride's. 

7. The typical and Subgroup A elements form nitrides of formula 

on heating in nitrogen; Subgroup B elements do not readily 
form nitrides. 

8. Solubility differences include the following: 

The fluorides of magnesium and Subgroup A metnis are nearly 
insoluble; the rest soluble. 

The nulphidet of Subgroup B are insoluble; the rest are decom¬ 
posed by w'aier. 

The sulphates of Suljgroup A arc insoluble or slightly soluble; 
the rest (except the mercury sulphates] very soluble. 

ll must not bo supposed that all the compcMuuls of all the elements 
in this group have properties that can Iw arranged in sequence: 
such is vci'y far from being the case. Beryllium, as is usual with 
llic first tdenienl of a group, closely rc.scmbles aluminium, the 
second element of the next, just os magnesium resembles lithium, 
while both bcrvlHum and mercury arc highly individual elements 
whose compounds sliow* peculiarities whicli can be .subjected only 
to a limited extent to the generalities of the periodic classification. 


Bkryllujm 

Be—9*01. Atomic Number, 4 

History.—HAliy, one of the founders of crystallography, noticed 
that the mineral lx*ryl had the same crystal form as the emerald, 
and invited the French chemist VAuguELiN to analyse these 
substances. The result was the discovery in 1798 of a new element, 
resembling aluminium in its i>roperties, but with certain charac¬ 
teristics of its own, among them the sweet taste of its salts. The 
name glucinum was therefore given to the newly discovered element, 
but has now been almost sujwrseded fay the name beryllium. 
Occurrence,—Beryllium is the scarcest element of the second 
group, excepting only radium, and the least known of all the 
typical elements. I'p to the present time it has been of trifling 
commercial importance and the principal source has been beryl, 
an impure beryllium aluminosilicate w'hich occurs in small quantities 
in various parts of the world, chiefly in the United States. Recently, 
however, important new deposits of beryllium minerals have been 
discovered in Manitoba, Canada, as the result of a search stimulated 
by the invention of light alloys in which the metal advantageously 
re]>Iaces the heavier aluminium, and in the future the production 
•0 
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of bcrylliain may be cxpecicd to increase. A minor use of beryllium 
is as a ‘ windj >w * in some varieties of X-ray tubes. 

Extraction. —Beryllium is now extracted on a commercial scale 
as follows: 

Beryl is mixed with sodium fliiosilicale, heated to 05o®» and 
cxtracti'd with t‘>>ld water. The beryllium into solution 

ns sodium fluoI)€ryllate, which can be crystallised. 

Vnun a solutum uf this c<)in))ound caustic alkali precipitates 
hervllium hydroxide, Be(01l)«, wliicli is dissolved in hydrofluoric 
ricid and evajiorated to dryness, k'aviiif; 2BeO.Bcl‘\, which melts 
ill 750'. This ermpound is mixed with barium fluoride and 
electrolysed at mx)*' in a ^r^phite crucible which acts as anodf*. 
The cathode is a vvuler-ciKded iron tul>e on which roii^h rods (A 
bervUiurn fonn. 

Small rjuaiitilies of pure b<.TyIlium may l>e prepared by the 
electrolysis of anhydrous l)crvHium sjilts dissolved in liijuid ammonia. 

Properties.—Metallic iK^ryllmm lescmbles mapicsiuiu and alumi¬ 
nium, but has a higher mdtinp-point than either. 'ITic chemistry 
of its compounds is dominated by its very low atomic volume, 
lower than that of any otlier clement, whicli rau.scs its comjKmnds 
to be largely covalent, and associates them with those of aluminium, 
whicli they otherwise much resemble. 

Boryllhun is a hard. |;rey metal with a density (rSj) lower than 
that of aluminium, though greater than that of magnesiiun. It 
has the highest melting-p)int of any element in (he group, and is 
a good conductor of electricity. Its physical qualities are superior 
to those of aluminium, but unfortunately it is far less common. It 
is as stable as aluminium in the air, but if the fincly-tlivirted metal 
is strongly heate*d it burns with a bright light to form beryllium 
oxide. Its standard electrode potential certainly lies Ix lw^cn 
those of magnesium and zinc, and it is more resistant than mag¬ 
nesium to the action of water, fr<jra which it displaces hydrogen 
slowly or not at all, owing to the formation of a film of oxide. It 
is readily soluble in acids, and differs from magnesium in dissolving 
in solutions of alkalis. 

Oxides and Hydroxides. —^Tlie only known oxide of beryllium is 
the monoxide BcO. It can be obtained by heating the carbonate 
or nitrate or the hydroxide. Be( 011 )g. This latter compound is 
precipitated from beryUium solutions by caustic alkalis, but 
dissolves in excess, like aluminium hydroxide, to form compounds 
called bery’ilatcs: 

Bc( 0 H) 4 H- 20 H'^Be 0 /+ 2 H 40 . 

On lx>iling the solution the reverse change takes place and beryllium 
hydroxide, unlike aluminium hydroxide, is reprecipitated: tins is 



GROUP II 


4^1 

use'd in the separation of the two elements. Solutions of the 
beryliatcs, though less stable than those of the aluminatcs, are 
more stable than those of Uic zincates. 

'HiC oxide can be purified by heating it in a current of carbonyl 
cl do ride at 450® for one or two hours. Iron and aluminium are 
removed as volatile ddorides. After calcium chloride and any 
beryllium chloride have w.\shcd out with water, pure bcr\'lliiim 
c»\ido remains. It is a colourless comjiound with a very hi^h 
lueltiiig-point (2500''?). It dissolves in acids t<i the 1 x?rylliuin 
salts, and in alkalis to fonii the lH‘ryHates. It has tlie wurtzile 
structure exactly like ZnO. and utterly dilferent from the rock-salt 
structure of MgO. CaO, etc. 

Nitride.—Like inagnesiiun, l)crvUium combines with nitrogen 
when heated in the gas. Th»* pn^duct, which hits tlic furimila 
ran also l>e pre))ari‘d by heating the metal in ammonia. 

Carbonate.—The normal earlnmateis unknown: sothum carbonate 
precipitates from Ix'rvlHuin solutions a Iwsic carbonate of uncertain 

Halides.—Solntion-s of the halitlc*s aj-c prepared in the ordinary 
way l)y the action of the acid on the metal. oxi<lc, or airbonate. but 
rvH]H>ralioii of the solutions always leads to the pn'tipitalion ol 
be rv Ilium liydroxidc or of a basic salt formed by hydro! y.sis. The 
.inliydrolls siilts are thcrelore prej^arwl by the action of the halogen 
nr livdrogen lialide on the mclal, or on a heated mixture of the 
uxule and carbon (coinjiare nliiminhim). 

I'liforiitc, HcF^.—This corn|)uund can he prepared by heating 
I lie c<im(ilex Siilt (Nl'l4)2lh*F4 in I he alwcnce of air. It is a glassy 
livgroscopic substance soluble in water: the fuscxl salt is a n<m- 
coTuluctor. 'I'he tlu<rride must Ix^ lieatixl t<i a higlior lemjHuature 
than the other halides beiorc it is fully liquid. The structure of 
Ih'Fn resembles that of quartz (with i^—Si, and F=50). 

('hlofidc, BeCIg.—A wliite solid inellii^ at 400® and boiling at 
520^. The vapour density of this aimjiouiid was determined as 
n check on the atomic weight (and valency) of Iwryllium: it showed 
the molecule to be BeClg. 

Tiu* bromide melts at 490'' and the iodide at 510''. All the halides 
are soluble in org^inic solvents, but the fluoride is only slightly soluble. 

Sulphide.—The compound BeS is immediately dccouifxjsi^d bv 
water, and attempts to precipitate it from beryllium .sohition.s with 
ammonium sulpliide lead to tlie evolution of hydrogen sulphide 
and the precipitation of the hydroxide: 

BcS+2HjO=Be(OH)* \ +ll^S f. 

Sulphate.— Solutions of this comp(»und can be obtained by the 
usual methods, but the anhydrous aimpound licSO^ has not been 
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prepared in a state of purity, as the attempt to remove the i, 2, 4, 
or 6 molecules of water of crystallization by heating i L leads to partial 
decomj>c)si(ion; on strong heating the oxiilc lemains. 

Nitrate.—I he hydratwl nitrate can be prepared by tlie usual 
methods, and dehydrated by heating with amyl alcohol. 


ilA<iSESlU.M 

Mg—24*32. Atomic Nnwfurr, 12 

History.—Magn(‘Slum sulphate was discovered in the water of a 
well at Epsom l)y NAriiAMhi. iinnw m it»g5. Hoffmann, in 1720, 
first showed that magnesia (MgO) was to bo flistinguislie<l froiti 
iiine (CaO), and Black (1755) elucidated the composition of tmicr 
ncsia alba (a carbonate ol magnesium). The metal was possibly 
obtained liy Saom in 3777, aiul was certainly prepared in an impure 
state by Davy in jSoS. In a stale of comparative juirily it was 
first obtained by Bussy (1820). 

Occorrence.^Magnesium is an abundant element. It occurs in 
iurnaUitCt MgClj.KCl.6HjO (p. 445); nuipicsilc, MgCX)^,; dolomite, 
MgCOj.CaCO.i; kitaerite, MgSO^.H^O, and in several naturally- 
occurring silicates, among them 3MgSi08.CaSi0a, and talc, 

HjjMgj($103)4. occurs in small quantities in living matter, and 
is, for example, an essential constituent of chloro]>hyl!, tlie green 
colouring-matter of plants. 

Preparation.— Magnesium is j>rcpared on the commureijU scale 
by two proross<^s. In the first the raw material is magnesium 
chloride hexahydrate, MgClj.6HjO, from camaUitc. This is melted 
in an inm pot, but to reduce the h)'drulysis that normally takes 
place—MgClj+HjOspiMgO+zHCl t—it is first mixed with an 
equal weight of common salt; in this fused mi.xlure the m;igneshini 
is possibly partly combined as a compk'X anion. The leinp(n*ature 
is 700®. The melt is then electroly^ied with the pot as cath{>do 
and a graphite anode suspended in it: so long as the niagncsjum 
concentration of the melt is kept up, inagiiesium will separate iii 
preference to sodium. In the U.S.A. magnesium chlorklo is ob¬ 
tained liom sea-water, dehydrated by lieatiiig in a current of 
hydrogen chloride, fused, and electrolysed. 

In the second process the raw material is magnesium oxide. The 
(•lectrolyte consists of equal parts of magnesium and banuin 
fluorides to which sodium fluoride is added to lower the melting- 
point. Electrolysis is earned out at 950°, and the melt, which is 
contained in a steel vessel, forms u solid crust on the surface. The 
cast-iron cathodes project from the bottom of the vessel, while the 
carbon anodes are suspended in the liquid. The molten magnesium 
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produced at the cathode by electrolysis is lighter than the liquid and 
rises, but is protected from the air, in which it would burn at this 
temperature, by the solid crust of electrolyte, under which it 
collects. 

From time to time magnesium oxi<lc is added to the melt. Mag¬ 
nesium is much less electroi>osilive than barium or Sfidium, and is 
preferenti<ally deposited. The 
current is carried to the anode 
by both fluoride and oxide 
i<ms,hut at that electrode only 
the latter arc discharged, 
owing to the high discharge 
potential of fluoride ion. Tlie 
not action is: 

2MgO»"2Mg-h Of t • 

There is therefore no loss ol 
fluorine, and the magnesium 
fluoride need not be re- 
plenishcd. The product is 
about qq ]>er cent pure. The 
metal is now purified on a commercial scale by sublimation at 600° 
under a pressure of i mm. of mercury. 

TJ8es.--MaKnesiuni is used in flashlight powders and in the new 
light alloys such as magnalium: m the laboratory it is used as a 
reducing agent and in the preparation <if the hydrides of boron 
and silicon. Eleklron^ an alloy with the very low density of 18, 
consists of <>o per cent magnesium alloyed with copper, zinc, man¬ 
ganese. and silicon. It is used for the crank-cases and gear-box 
casings of motor cars, and is protected from corrosion by an anodic 
oxidation process similar to that now applied to aluminium (p. 532). 
In spite of being highly inflammable, it can be welded. 

Properties. —Magnesium is a white, fairly hard metal which in 
the laboratory is usually supplied in ribbon, filings, or powder. It 
is stable in dry air, but in moist air is slowly oxidized to the mon¬ 
oxide MgO. When heated it bums with the well-known blinding 
while light, the products being the monoxide with a little of the 
nitride MgjN,. In the formation of this latter com|)ound mag¬ 
nesium resembles lithium and also the alkaline-earth metals. 'I'he 
white cloud produced by flashlight powders is magnesium oxide. 
Magnesium reacts violently with acids, and slowly liberates 
hydrogen from hot water. The action is impeded by the film of 
insoluble hydroxide produced on the surface of the metal, Since 
magnesium hydroxide, for some reason not fully understood, is 
slightly more soluble in most salt solutions than in pure water. 


Welt ^ c 
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solutions of such substances as 5^juni or calcium chlorides act on 
magnesium much more rapidly than pure water, especially if 
heated. Solutions of salts of weak bases (c.g. ammonium salts) 
also dissolve magnesium by reason of their acid reaction. Mag¬ 
nesium will burn brightly if heated in a current of steam: 

Mg+ 2 H, 0 =Mg( 0 Hl,+ H,. 

Magnesium is sometimes included with the elements calciinn, 
strontium, and barium in the term 'alkaline-earth metals*: the 
' earth ' is the oxide. Like these elements, magnesium is always 
bivalent: it is less electropositive than calcium, but much more so 
than y.inc. It has only a very slight tendency to form complex 
ions, excluding, of course, the hydrated ration, though there is 
evidence of auto-complex formation in s^>me of its solutions, e.g. 
those of magnesium sulphate. Double salts, often hydrated, are 
also common. Its compounds are nearly all hydrated, and in tlic 
abM*ncc of water there is a very marked tendency to form complexes. 
In the solid state we may mention tlie c<jmi>onnd MgCig.aNlly. 
wlndi can be mad<* even at .'^oo", and in el her cal solution tlu^ 
interesting Gkignakd comjKuinds made by dissolving dry inag- 
iiosium in a soluluui of a dry alkyl iodide, such as in dry 

etJicr: 

X,H. 

In their preparation it is necessary rigorously to exclude water, 
which hydrolyses tliem at once. In aqueous solution the only stable 
lorm of magnesium is the bivalent hydrated ion, and the hydroxide, 
Mg{OH)«, IS a strong base, though almost insoluble in water. The 
relation between magnesium and the dlkaline-<Mrth elements le- 
sembles that between lithium and the alkali-metals, and the two 
elements resemble each other, in accordance with ilie rule already 
alluded to (p. 47q). Magnesium also resembles zinc, but can easily 
be separated from it by the solubility of zinc oxide in alkalis or 
by the insolubility of zinc sulphide. 

The principal insoluble compounds of magnesium are the 
hydroxide, carbonate, fiuonde, oxalate, phospliate, and double 
ammonium phosphate. 

Oxide and Hydroxide. —Magnesium oxide, ma^msia, MgO, is 
obtained by burning the metal in oxygen or by he;!ting the hydroxide 
or carlxMiate. It is a colourless solid with a high melting-point 
used in one of the processes for magnesium manufacture, in furnace 
linings, and as the incandescent filament of the Nernst lamp. An 
impure oxide is obtained by heating magnesite, the naturally- 
occurring carbonate of magnesium, or by beating magnesium 
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diloride huxaliydratc for a long lime in llie «iir. In contact with 
water It fonns magnc?»ium hy<lroxi<le. Mg(OH)g, which can be 
reconverted to the oxide by heating for some time to 400*" or over. 
The hydroxide is a colourless substance precipitated when caustic 
aJkalLS are added to magnesium s;dt solutions. It is almost 
insoluble in water (solubility-product about io“^*) but is sufficicnllv 
^oluhle tf) affect indicators, and is a strong base with no trace of 
acid properties. It is loss soluble in caustic alkalis than in water, 
a characteristic which links magnc*sinm with the alkaline cart Ik 
and distinguishes it from l)erylUiiin and zinc. A<ineous ammonia 
<:iji be us<'d instead of caustic alkah (or the precipitation, but if 
“•u flic lent excess of aininoniuin salt is also prcst'ut the hydroxyl ion 
('•aicentration of the solnhon is su much minced tli.d the s(»lul)ihty- 
product of the hydnixide is not cxc<‘C‘<led aiul m» ]>rocipitation 
ta.k(*.s place, 'lo con<vntrat<Hl inagncsinm solutions a considerable 
rxecss of anunouimn ledt must be ad<led if precipitation is to be 
pm vented. 

Magnesium hy<lroxuK* is s<»luble in acids lo give inagnc-sium snit 
^rJutions, and is uImi slighllv S 4 »Iiible in soluti ms (4 ammonium 
salts, w'liu h have a sliglilly uiul leaction (lom hydrolysis. Tlie 
c<iuUibrumi is: 

Mg{OH)g i ) Mg*. 

Calculations ba.scd on the law ot mass-action show that this w»lu- 
f>iUty Is not due to the lonnalion of a putative animino-magnesiuin 
complex ion in appreciable concent rat 1011. 

Peroxide.- Magnesium ]wTi>xidc. MgOg, ls prepared by electro¬ 
lytic <»xidation of magnesiUTU salt s 4 »lulions or by the action of 
hv'drogen perr»\ide on a su.s|H,'nsion of the hydn»xide. It is much 
less stable than the peroxide> of the alkaline earths, and has never 
b<‘en prepared free Iroin c<»nsi<leral)lo (jiiantities <?{ water and tlie 
lower oxide. 

Nitride.—Magnesium iiitude, MgaNg, is formed when a magnesium 
is hcati'd m nitrogen. 'JTic melHl Ix'cotnes inc;nulcse<'nt wlicn 
Iicated in ainnuaiia, and the s:uiie compound is produced: 

3Mg+2N H, 1 jllj. 

It is hvdrolys(xl by water with the formation of magnesium 
hydroxide and ammonia: 

MgjNa+6H.O- 3Mg{OII)2-h2NI4a. 

Cai 1 x>nate 8 .—Normal magnesium carbonate, MgC08.3Ho0, dis¬ 
solves in water to the extent of about 1*8 gm. |)er litre at room 
temjwrature, and is so very much more soluble than the liydroxide 
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that a solution of sodium carbonate precipitates from solutions of 
magnesium s;dts a mixture of the carbemate and hydroxide, or 
possibly a hjusic carton ate. This substance can be converted to 
the nomial carbonate by suspending it in water and pa&sing carbon 
dioxide through the liquid. If the current of gas is continued too 
long, the whole of the precipitate redissolvcs as the soluble 
bicarbonate, 

Ammonium cartonale will produce no precipitate in solutions 
of magnesium salts conlainiiig anunoma and an ammonium salt 
in excess, if the concentration of the latter is sufficiently high. 
Solutions of ammonium salts have an acid reaction by Jiydrolvsis, 
and this reduces the carton ate ion concentration from tho action: 

H iCOjViico;. 

'riie carb<»nates of the alkaline earths, however, are cojisiderably 
les.^ soluble than magnesinm carbonate, and arc invariably pre¬ 
cipitated under Ihcs*.^ c(editions, a fact which is made use ol in 
the separation of niugn<'siuin from thcM* cleinonls in qualitative 
analysis. 

After heating for some lime to, say, 75 ^'', the conversion of 
magnesium carUmate to the oxide is complete; it is more easily 
decomposed by heat than the caibonates of the a!k;Uinc-carth 
metals. 

Halides.—These compounds, except the insoluble fluoride, may 
be prepared in solution by the usual methods, but if the hydrates 
produced by cva]>oralk»ii are heated, hydrolysis takes place and 
oxyhalidos or basic salts are produced. The anhydrous com¬ 
pounds (again except the fluoride) are best prepared by the action 
of the halogen or the hydrogen halide on the metal. VVlien heated 
in air the fluoride is chemically uiichangeil, but the other halides 
are converted to oxides, e.g.: 

sMgljjH 02=2Mg0+2li, 

Magnesium fluoride also has a much higher melting-point (1400”) 
than have the other halides (about 700^*). 

Mngne&ium Jlttoride, MgFj, is precipitated from magnesium salt 
solutions by soluble fluorides. It is used in one process of magnesium 
manufacture. 

Magnesium chloride^ MgCl^, is prepared in large quantities as the 
hexahydratc, MgClg.bHjO, by the evaporation of the mother liquors 
remaining when the potassium cldoride has been removed from 
carnallite (p. 445). Together with the naturally-occurring carbonate 
magnesite^ this is the source of most of the magnesium compounds 
of commerce. Magnesium chloride is also found in sea-water. It 
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is used in magnesium manufacture. It is very soluble in water, 
and on evaporation of the solution an oxychloruU\ MgO.MgCU. 
rennains. A substance of similar coin|)ORitioii is artilieially prcpiirod 
liv mixing magnesium oxide, obtaincvl by heating magnesite, wiUi 
magnesium chloride hexahydrato, and is iisckI as a cement: for 
when wmUt is added to the linely-gruund mixture it sets to a hard 

Jllll'-S. 

Mit^ncsiuin hyomidc, MgHr^, is found in sea-walcr; it forms 
\arious In tlrates. 

Magnesium perchlorate, Mg(f‘IO^)g, prepared from the hydroxirle 
and jMTnhioric acid, is a very eftirient drying ag<*nl (or gases. When 
It lias absorbed much water it can 1 k^ dru^rl bv heating fn 240^, 

Magnesium sulphide, MgS. is a siibst.mex^ wliich must be pn'- 
pared m the dry way, as lor instance hv tin* nnion of the elements, 
"jnre it is hydroIvsiHl by water. Neitlier hvilnjgcn sulphide nor 
ainniouinrn sulphide prinluces ;inv precipitate in solutions ol 
magnesium salts, and if hytlrogcn sulphide is bubbled llirough a 
suspoiiMoii of tlic h>droxnle 1h<* latter <hsv.>|\a*s to form tlu* soluble 
hydrosulphide; 

Mg(01l)5 PiH^ST^Mg-H 2SII'+2Hp. 

On boiling, the (haiigr is rrvers(*d: magnesium hydroxide is 
precipitated and hydrogen siiljihide evolved. 

Magnesium sulphate, MgSO^. occurs uatiye in the liydrated ionn 
as kinarntr. MgSO^.H^O, and l(pso$$i ^a/i, MgS04.7H/). SoliiUon** 
hydrates l an Ik* ma<le without diilieiiltv hv the usual mctliods, 
hut if the allempt is made to drive <jH all the water of crystallization 
hy iieatmg, the sul>st:iia*c Iwgins to deaaujmsc into the oxide. 
Magnesium sulphate is used in mctliemo (as a purgative) aiul m 
ilycmg. 

Magnesium nitrate, Mg(NOj)5.()H4(). can lie prepanid in solution, 
or m the fonn of various hydrates, by the usual methods; but, 
hke the sulphate, it c:uinot be prepared in the anhvdnms state. 

Magnesium ammonium phosphate, (NH,)MgP04.i>H/). is a 
colourless comiiound precipitated from solutions of mrignesiiim 
salts by ammonium diliydrogen phosphate, Mag- 

nudum is usually precipitated in this form for tlu* purpose of 
^juantitative analysis. On stiong heating, magnesnnn pyrophos' 
phate, MggIgO,, rcmsiins and can l>e weighed: 

2(NH4)MgPO4.0H,O- Mg.PA+iNHst 4-X3fl20t. 

Magnesium boride (p. 522). 

Magnesium silicide (p. 5S2). 
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CAirirM, Stkoniium, Rakium, [Radium) 

Ca 4 o*oK. Aioitnc Ntiiiiher. 20 
Sr Aioviic Niimftrr, jS 

AUmm Numf'Cr, 5(1 
IK.I 225*<j7. SS| 

History.— Lavoisikk all the* siibstaiicf^s knuwn 

collvc lively as earths wm in reality metallic <»xjdes, Davy 
prr]>an'(l impure calcimn by electrolysing; lime in the presence o£ 
mercury as eaihodc, su)»M‘*|m'utlv distilling' off the iiKTCury in a 
tube tilled with petroleum vaixmr. Moissan (iStjS) obtained 
metallic calcium of 09 pcT cent purity by stroiif^ly healing' cjdciuui 
iodide svith sodimu. 

Sironlia was rccoKi^izcd ns a disfiuct earth in I7<)3 by Hopk» whu 
obtained it Iroiii a mineral resembimg heavy-spar (see below) 
hnind at Stroiuinn in Arnyllshiro; CltAwroKi) had tentativc^ly 
advanced tlie same opinion three years earlier. Metallic stnmtuim. 
HI au iinpnri! stale, was prejxired in i?k>8 by Davy, by electrolyses 
of the fused chloride. 

liarium, in the form of its sulphate, was first nic^ntinned by 
Cascidkulus in 1602 or ibo^, who oliservod that the mineral 
heavv-.sixir (BaSO^), when healed strongly with chanoal, yi elder! 
a substance that glowed in the dark. Tliis substance (irnpun* 
HaS) was known as the ' Bolognan stone.' SciiKisUi (1774) 
concluded that a peculiar cartli was the basis of heavy-spar, and 
DH Mouvkad suggested the name harole (aftcrwanls clianged tn 
hiiryia) for it. The impure iiielal was tirst obtained in iSoS by 
Davy, who electrolysed the fused diloridc. 

[hor the liistory ol radium, see p. 304.! 

Occurrence.-^Ca/cniw is one of the most abumlanl of the elements, 
an<l occurs iu nature chiefly as the carbonate, in the form of liiric- 
stonc, chalk, marble, calcttc, aragonite, Iceland spur, etc., or in 
combination with magnesium carbon«ate as dolomite, CaCO^ MgCOa. 
Calcium sulpliatc occurs in nature as anhydrite, CaSO,, or in the 
hydrated form as gypsum or alabaster, liotJi CaS04.2H20, Calcium 
silicate is a constituent of many rocks. 

Calcium is essential to the life of both animals and plants. In 
animals it is contained chiefly in the bones, of which about four- 
tifths is calcium phos]»hate. and both calcium and phosphorus, 
though not, of course, in the elementary stale, are given to diildren 
whose bone development is retarded. Calcium fluoride is contained 
in the teeth, and causes them to fluoresce w'hen exposed to X-rays. 
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Strontium is one oi the less common elements, and is the least 
abundant oi the aikaline-^arth elements. The principal strontium 
minerals are sironiianite, SrCO*, and celesHm, SrS04: they are 
widely distributed in small quantities. 

Bartum occurs fairly abundantly in nature as withfrite, BaCO^, 
or barytes or heaity-spat, BaSOi, in many silicates, and in smaller 
quantities in other minerals. Barium compounds do not occur 
in noticeable quantities in the human body: indeed, they are 
poisonous. 

After the alkali^metals. and excludinj* 01 course the inert gases, 
the metals ot the alkaline earths are the most homogeneous sub¬ 
group of the (leriodic table. Like the alkali-metals, they are highly 
electropositive and chemically reactive, and ihey have low den¬ 
sities. The valency is always two and the tendency oi the metal to 
ionization, as shown by its standard electrode potential, increases 
as usual with the atomic number, while the contrary applies to the 
tendency to form hydrates, covalent compounds and complexes. 
The tendency to form complexes or covalent compounds is slight 
throughout the subgroup, but some calcium salts, such as the 
chloride or nitrate, have a high solubilitv m such solvents as the 
alcohols, which is much less marked with strontium and is abseni 
with barium. 

The solubilitv of the salts m water, expressed in gram-molecules 
per litre, in this group usually increases with the tendency Lu form 
hydrates, that is, from banum through strontium to calcium, but 
the solubilities of the hydroxides, fluorides, and oxalates (all salts 
of weak acids) lie in the reverse order, while the carbonate solu¬ 
bilities are irregular. Examples (solubilities in grams anhydrous 
salt per 100-gm. solution at 20®): 


ChloruU 

Calcium 45 

Stroiiiium ^5 

Hanum 26 


SulpkMe 

•20 

15 

•0002 


Pittcrtde 

•ooib 

• 0!2 

10 


All the alkaline earths colour the Bunsen flame: calcium brick-red, 
strontium crimson, banum green. The two latter colours are 
used in fireworks. 

Metals.—Calcium is now prepared on a large scale by electrolysis 
of the fused chloride. Since calcium chloride, when pure, melts 
at 780"^ and the metal at only 810^, the process oHers great technical 
difficulties. These have been overcome only in recent years, by 
water-cooling the melt round the cathode, by withdrawing the 
cathode trom the molt as it grows, and by using impure calcium 
chloride, which melts at a k>wer temperature. The nature of the 
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process will l>e dear from the diagram: the anode is the graphite 
lining? of the containing vessel. 

The other alknlinc'earth metaJs have been made only in the labora¬ 
tory. Tliey are best prejvired from the amalgam by distilling off 

the mercury in au inert atmosphere: 
a process which» as already men¬ 
tioned. was first carried out by Sir 
ljuniphry Davy. The amalgam i.^; 
prepared by elect n^lysing an a<]ucous 
solution of one of the salts with a 
mercury cathode. It is difficult to 
drive off all the mcrcurv. The metals 
can also be prepared by heating the 
oxide or chloride with aluminium or 
.MMlnim. 

The metals of the alkaline earths 
arc silvery-white substances, rather 
harder than lead and with a low density. They are rapidly 
turnishetl in air, forming surface layers of oxide and nitride, and 
burn brightly when healed in air or oxygen. They are chemicaUy 
very reactive, resembling in this the alkali-metals, and liberate 
hydrogen vigorously from water, though the action of cold water 
on calcium is slow on account of the formation of a protectiv<‘ 
layer of hydroxide. They are powerful retlucing agents, and will 
reduce hydrogen chloride to hydrogen, most metallic salts to the 
metal, carbon monoxide to carbon, and concentrated sulphuric 
acid to sulphur and sulphur dioxide or hydrogen sulphide. 

Now that calcium can be obtained cheaply, it is coming into use 
in the laboratory as a reducing agent and for removing nitrogen or 
hydrogen from gases. In metallurgy it is used as a deoxidizer, 
and, together with aluminium, in the preparation of certain new 
light alloys. It is a convenient substance to use for the dehydration 
of alcohol. 

Hydrides. —The alkaline-earth metals combine witli hydrogen, 
slowly at room temperature and with incandescence on heating, 
forming hydrides of formula CaH^ SrHj, BaH2. These are white 
crystalline substances with high melting-points, and are more 
easily formed than the alkali-metal hydrides. They can be melted 
in a hydrogen atmosphere without loss of weight, but at higher 
temperatures begin to dissociate. The hydrides of the alkaline 
earths increase in stability with increasing atomic number of the 
metal, whereas the reverse is true of the alkali-metal hydrides. 
They are electro valent and contain mgalive hydrogen; thus the 
electrolysis of fused calcium hydride yields calcium at the cathode 
and hydrogen at the anode (compare lithium hydride, p, 436). 


CAtJuvUv 
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They can be gently heated in air without alteration, but at a red 
heat burn brilliantly, forming the oxide of the metal and steam: 

Call^+02=CaO+H ^O. 

With water they lil)crate in all twice as much hydrogen as they 
contain: 

CUII2+2H2O—Ca(OH)^+2H21, 

and the heat developed is sometimes enough to ignite the hydrogen. 
On strongly heat mg the h3^1ridc.s in nitrogen the nilri<les are 
obtained, c.g.: 

3RaH8+NjTssB;i2K3+3H5. 

The liytlrides arc very powerful reducing agents. 

Oxides and Hydroxides.— The oxides arc usually prepared hy heat ing 
llu' carbonate.s, a process sometimes (h‘scrib(‘d us 'burning' them; 

CaCOj^rSCaO+CO^t. 

At room tenij^erature the ccinilibrinm pressure of carbon dioxide 
over all the carlKJnates is very miniUi.'—much less than the partial 
pressure of carlKin dioxide in onliiiary air—and at this tempeniture 
the oxides will readily conibiiu* with carbon dioxulc, the action 
being nearly coinjilcte. The librium pressure of carbon dioxide 
over calcium carbonate reaches ytK) mm. at but strontium 

and barium carbonates require a higher temperature, and their 
(iocom posit ion is usually assisted hy adding a reducing agent such 
as carbon. The carl>onales can «>f course* be dccom|H>sed at much 
lower temperatures if the carbon dioxide is allowed to leave the 
system it is produced. 

Calcium o.xidc, ' quicklime,' is produced industrially by heating 
limestone in a lime-kiln, which is often heated by producer-gas. 
The process can be made cunliimous, limestoiu' being added at 
the top and lime witlulrawn at the W'ljen quicklime is 

mixed with a little water a vigorous action lakes place and sufficient 
heat is lil>crate<l to boil some of the water: a dry powder of calcium 
hydroxuic, ‘ slaked lime/ Cu(0H)2, remains. If the quicklime con¬ 
tains much magnesium oxide, or if it lias been heated to a very 
liigh temperature, combination with w^ter takes place only slowly. 
The oxide, oi strontium and l)ariiim likewise combine with water 
to form hydroxides, which, unlike calcium hydroxide, h)rm stable 
hydrates such as Ba(0Hl2.f^H20. 

The oxides of the alkaline-earth metals €arc white solids with ven 
high melting- and boiling-points: calcium oxide tnolK at 2550® atvl 
bnils (in the electric arc) at about 3400'’. When heated in the 
uxy-hydrogeii flame it remains sf>lid and gives <mt a very bright 
white light, the 'limelight/ The oxides can be reduced only 
with the great e.st difficulty. 
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The hydroxides differ greatly in their solubility in water. The 
solubility in ^rams of hydroxide (unhydrated) per lOO gm. solution 
at 20*^ is us follows: C;i(OH)j, o-i6; Sr(OH)j, o*6i; BafOII),, 17. 
The solubility of calcium hydroxide decreases with rising tern- 
{RTuture, whereas the solubilities of strontium and barium 
liydroxides increase, and the latter is very soluble in hot water. 
All the hydroxides arc sufficiently insoluble to l>e precipitated from 
their cold solutions by caustic alkali, if the concentrations are high 
enough; the solution of calcium hydroxide is called ‘lime-water.' 
that of barium li3'droxide * Ixirv'la.' The hydroxides all retain 
water tenaciously. Slaked lime is converted to quicklime at a 
red-ho at, but barium liy<!roxide requires a temperature of about 
900"' for reasonably rapul conversion. AH the hydroxides arc 
strong bases, and baryta is us<*d :is a volurn<‘tric reagent, but it 
must be protected from the carbon dio.xtdc of the air, winch 
piecipitates barium carlxmAle. For the same rejtson harylii 
is the best solution for the preparation of pure hydrogen by 
electrolysis. 

In the laboratory calcium oxide is used to remove water from 
substances which combine with calcium chloride, e.g. ammonia or 
alcohol. For this purpose it slnmld l>e fnshly healed lie fore use. 
Wlien required in industry it is usually manufactured on the spot. 
It is used in tlie manufacture of sodium carbonate (Solvay process), 
caustic soda from sodium carbonate, calcium carbide, bleaching 
powder, glass, mortar, cement, and other materials; and as a furnace 
lining. Mortar is a mixture of calcium oxide, water, and sand; it is 
freshly made just before use, and sets in the air to a complex mixture 
of calcium carbonate and silicate. Portland ce}funt was invented 
in 1S24 by a bricklayer named Aspuin; it is made by strongly 
heating a mixture of limestone and claj* in the proportion of about 
three to one. The product is ground fine and when mixed with 
water rapidly sets to a hard mass. 

Soda4ime is made by mixing powdered lime with molten caustic 
soda; it is a mixture of sodium hydroxide with calcium oxide and 
hydroxide. It does not deliquesce like caustic M>da and is a 
convenient absorbent for carbon dioxide. In the war of 1914-18 
it was used in gas masks to abstirb chlorine. 

Strontium oxide is used in the purification of sugar from molasses, 
from which it precipitates an insoluble compound, ' strontium 
saccharate.* This is washed and decomposed by carbon dioxide 
and water: 

' Strontium saccharale *+carbon dioxide—sugar+strontium 
carbonate. 

The less soluble strontium carbonate is removed from the solution 
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and the strontium oxide is recovered by heating it. Calcium oxide 
has been used for the same purpose, but calcium saccliarafe is more 
soluble. The use of barium is undesirable on account of tlje 
poisonous proi>ertics of barium salts. 

Peroxides*— All the alkaHnc-oarth luctals form j>eroxidcs of 
iormula MO^, insoluble or slightly soluble m water, and precipitated 
1i<ini solutions of salts of the alkaline earths by hydrogen peroxide 
m alkaline (e.g. ammoniacal) solutions, or by a solution of sodium 
|x'ro\kle: 

Cu* +HA+2OH+;iH, 0 . 

Ca •+XaA=^CaO,i +2Na*. 

All arr white solids that on strong heating clecompose into oxygen 
and the normal oxide, but very diflerent temperatures arc reijuired. 
While the j)ressurc of <>xygen in equilibrium with calcium and 
strontium oxides exceeds one atmosphere at low temperatures, 
with barium oxide a pressure of one-fifth of an atmosphere is md 
1 cached till about 700^ Conse<pientlj' the peroxides of calcium 
;nul strontium arc decomposed by heating (calcium peroxide de¬ 
composes rapidly at 280^), whereas barium peroxide is stable in 
air up to a!>out 700®, when the equilibrium pressure of oxygen is 
equal to the partial pressurt' of oxygen in the atmosphere. At 
lower texn|5eraturcs barium oxide will take up oxygen from the air, 
though the velocity of this reaction at room temperature is im¬ 
measurably small. At about joo® it is, however, fairly rapid, and 
this was the basis of the old Bkin process for oxygen inanufaclnre. 
Hariuin peroxide was made by gently heating barium oxide in the 
air and then decomposed by reducing the pressure, which was 
cheaper than heating to above 700° 

When precipitated from cedd solutions all the peroxides appear 
as octa-hy<Irates such as Ba02.8H50. They arc msoluble in 
alkalis, but with acids give hydrcg^cn peroxide and a &ilt: 

BaOj+ 2H ’ —Ba '+H 

This reaction was formerly used in the preparation of hydrogen 
peroxide. When barium peroxide is treated with dilute sulplninc 
acid it is converted to the much less soluble barium sulphate, but 
the action is a slow one ami slightly reversible: 

BaO, j +HsS04?^BaS04| +HA- 

Barium peroxide can be estimated by treating it with fcrricyanides, 
with which mutual reduction takes place, the products being 
oxygen and a ferrocyanide: 

BaO^+2Fe(CN)/''^Ba +0, f +2Fe{CN)4"". 

Carbonates.— The carbonates of ail the alkaline-earth metals 
occur in nature. Calcium carbonate occurs in several forms which 
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have already been mentioned. Among them is Iceland spar, winch is 
soinotimcK found in ime large crystals remarkable for double refrac¬ 
tion. The decomposition of limestone by heat is the source of most of 
the car bun dioxide and ciuickUme of commerce. In the laboratory 
carbon dioxulc is prepared by treating lumps of marble with dilute 
acids, often in Kipp*s apjxiratns: if a powdered form of the carbonate 
is usi d, the evolution of gas is inconvcnieiitly rapid. 

.Vll three carbonates are nearly insoluble in water, strontium 
carlionale being the least s<dublc and calcium carbonate the most; 
but a litre of a saturated soluticni of the latter at room temperature 
contains only about o*02 gin. They arc therefore prccipitrjted when 
soluble carbonates arc sidded to alkaline-earth salt solutions, and 
can iKi prccipitatcrl from these solutions by carbon dioxide if the 
scjlutions arc sufficiently alkaline for the carbonate ion concentra¬ 
tion to reach a reasonaldc value: 

COj+zOHVCOj'+H.O. 

A solution of liinc-water fulfils this condition, but no calrhim 
carUinate ran be precipitated by carbon dioxide at atmospheric 
pressure from a soluthm of, say, calcium chloride. The solubility 
id calcium hydroxide s<» greatly cxcee<1s that of calcium carbonate 
that the former can be nearly completely converted to the latter 
by carixm dioxide and water or by carbonates: this is the basis 
of one method for making caustic soila from sodium carbonate 
(P- 43 »): 

Ca(OH),; H COjVCaCO,^ +20Fr'. 

The calcium carbonate precipitated by carbon dioxide from lime- 
waler is seen to redissolve if the stream of gas is continued. This 
is due to the formation of the soluble bicarbonate, Ca(H(‘()3)j, as 
follows: 

CaCO^I d-CO,-fH,O^^Ca"+ 2 HC 03 \ 

If the solution is boilcxl it dec*omposes, like all bicarbonate solutions, 
and the carbonate is reprccipitatcd; the action represented by the 
equation just given simply goes in the opposite direction. This 
is because the active mass of the carljon dioxide in the solution is 
extremely small owing to the low solubility of the gas in hot water. 

Nitrides.—These compounds are prepared by heating the element 
in nitrogen. They have fonniilae such as CajN^, and are dccom])osed 
by water or steam with the formation of ammonia: 

Ca^^NjH-bH.O^aNHa f +3Ca(OH), 

Halides.—The halides of th'.; alkaline • earth metals are salts 
that can be prepared by the usual methods. With the exception 
of the fluorides, they all show evidence of covalency, though in 
the mam they are electro valent compounds. The evidence for 
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crtvalency is (i) considerable variation with dilution of the transport 
number; {2} solubility in orj^anic solvents; (3) low rad ting-] 
m comparison with the fluoride. This tendency is much more 
pronounced with csilcium tl)»in with barium; stronlmm is inter¬ 
mediate but inclines to calcium. The melting-points, some of 
\^luch are based on rather uncertain data, arc shown in the table 
(m degrees C.): 

J'ttioride Chhrtdf hnltde 

Caknum 7^ 7*1o 

Stroniiujn > i^.v*** ^70 ^.40 500 

ilufixiiu 7^0 

In the nearly insoluble fluondcs the «oiid)ility increases from 
•'alcMira to l>arium, in the other lialhles the reverse* order is followed. 

/'/«c*fICalcium fluoride, Cal*‘2. occurs in nature as crystals 
i»f Jluorspar. s(nnclinK‘.s brilliantly c(jl<»urcd and in Derbyshire 
know'll as ‘ blue john ' or * green john/ If is lijc piincipal 
«>urce ol fluorine r(mi|«>un<is, and is al.<o nsc<l in some optical 
apparatus, as it is trausjiaient in the in Ira-red and ultra-violet 
unions of the spt'Cfniin. 

The s(j 1 ability of all throe fluorides is very slight, and they can 
lie precipiiated with a siflnble fluoiidc fioiii solutions of salts of the 
alkalinc-enrili metals. Calcium flnonde is sufliciontly insoluble 
be userl in the quantitative analysis of fluorides. 

Calcium chh>ride, CaCU, is produced m very lar^e 
quantities as a by-product ol several industrial processes, notably 
the Solvriy procc»ss. It is excee^lingly soluble in water, with which 
it fonns hydrates containing one, two, four, and six molecules of 
water per molecule ot calcium chlori<lo. Its solubility in gram- 
Tn<ilcculcs per litre is so high that it is often used in (he preparation 
of freezing-mix tuics; the eutcrlic mixture fnjezes at —55^ and 
contains about 40 gm. anhydrous salt per 100 gm. w'uter. A 
saturated solution boils at 180 '. Calcium chloride bus been used 
lor melting ice on the streids. It deliquesces rapidly in the air, 
and i.s ranch used in the laboratory as a drying agent for gases, 
though it is not as efficient as sulphuric acid or phosphorus pent- 
oxide. It cannot be used for drying arnmonia, as it combines 
avidly with the gas, forming a compound CaCl^ SNHa. Similarly, 
U must not be employed in drying amines, such as aniline. FormcTly 
a waste product of chemical mdustry, it now finds a wide range of 
imlustriid and commercial ap])iications. 

The transport number of the cldonde ion m calcium chloride 
solutions varies from 0*55 m very dilute solutions to O'72 in con¬ 
centrated ones, and this is evidence for the existence of undissociated 
molecules or complex ions. Strontium and barium chlorides show 
less variation. Calcium chloride is very soluble in the alcohols. 
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With whicli it forms irmlocular compounds; strontium chloride is 
l<*ss soluble and barium cliloritlc srara‘ly dissolves at all. 

When the chlorides are fused in air, a tnicc of osidc is found in 
the pndiicl; this is due not to liydrolysis hut to reaction with 
atmosphc'iio oxyj^cn: 

The chanitc is most marked with calcium and least iiiarlo'd with 
Ini! inrn. 

II anhydrous calcium chloriile is diss<’»lvt'd in water heat is Riven 
out, and it luiRht lx* supjxised from Lie t'uvTPXTUU’s rule that the 
solubility would d<*cre;ise with rising tcmiK'raliire. This is not 
so, as tlic solution at this tenipciaturc is in o<jiuhl»num not with 
the anhydrous salt, but with the liexaliv<lral«. If the lieal fd 
l<irmiitioii of the liexahydrate from the anhydrous ^,0It s subtracted 
from the total lieat o( soliilioii, Die result is noyalive; and heat is 
ahNorlx'd, as would Ik* i’\|H*cted, when the hcxahyclrate dissolves. 

The bronii<les and hxlidcs are all very .soluble in water, aiul all 
form hyclrates. The calcium and strontium sails dissolve in 
alcohol, but the barium salts are less s<iluble. 

Bleaching-powder is u rather dirty while pow<kT made by Ihc 
action ol cldoriiie uj«>n iivarfy drv slak(*d hmc (tlie pro[>(‘rlion of 
moisture i> not allowed to exceed p<T tent). In BachmanN* s 
process the slaked hine is blown to the top of a clilorinatiuR ttnver by 
means of corn pressed air, and is distributed to (he highest floor of 
the tower IhrouRh a hop|K*r. It then falls to succe^^ivc lower floors, 
on each of whicli it is mechanically raked, while a current of ciilorimi 
is driven up the teaver iii the o]*|»osite direction. OuKlititnis are so 
adjusted that bv tlic time the pitnluet roaches the last floor it is 
fully chlorinated. Hot air Ls now blown tliiough it to remove free 
chlorine, and the b]oachiiiR-|x>wder hills into a hopjvr from which 
it can he delivered into containers. 

Kk'achinR-|K>wder (* chloride of lime *) is a luixtim; of calc I ft m 
hypoch/orilr, CafOCI)^, witli hc^sic cedemm clUonde monohyUratc, 
CaCl2.Ca(0Ii)«.Hg0. Its formation may be represented by the 
equation: 

3ra(011)g+2Cl3=^(*a(0Cl),+Carij.Ca(OH}3.H30 ! ILO. 

The main reaction is, liowever, acconi|xiniod bv side-reactions, so 
that impurilics arc always present. These incUide calcium chlorate, 
C a (Cl 03)3, and calcium chloride t c trail ydratc, CaCl2.4H30, as well 
as some unchanged slaked lime. 

When dilute acids act upon blcaching-powder, chlorine is evolved: 

Ca{0Cl)3+CaCli.Ca(0H)2.H20 |-3H5S04^ 3CaS04H ^lljp+2CU 

ra(0Cl)g-l Cori 3 .Ca(OH) 3 .H, 0 + 6 HCl«^ 3 CaCl 3 + 5 H 30 + aCI^. 
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A calculation will show that a mixture of the composition assigned 
to bleaching'powdcr should liberate 41 per cent of its weight of 
ciilorine, and this is tlie approximate actual yield from a very good 
sp>ccimon. The ordinary commercial product contains 36-40 per 
rent of such ' available * chlorine, i.e. chlorine set free by the action 
i>{ a dilute acid. If the lime is insufficiently chlorinated, the product 
ualurally contains a lower percentage of available chlorine. 

On exposure to air. bleaching-powd<‘r gradually loses ctilorine, 
owing to the action of carbonic acid (atmospheric moi.sture and 
carbon dioxide): 

Ca(OCl)t 4 Ho 04 -C 0 -^CaC 0 a 4 .JllClO 

2HCi 6-2HCI i 
HCIO i HCl^HjO bCI.. 

It should the re fore be preserved in air-tight fins or bottles; hut 
fvm so it slowly deleritirutcs. paitly by lo^s <if oxygen from Uie 
hypochlorite: 

iind paiilv by spontaiu^ous convci*sion of the hy|HJclilorite into 
chlorale and chloride: 

3<:a(0(*:i)8 ^.Ca{Cl03)j+ 2 Caa 8 . 

The decomposition of the hyiXKliloritn into chloride and oxygen 
is ciitiilyM'd l>y roball sails. 11 a sus|)enMt)n of hi caching* powder is 
liealcd with a little cobalt nitrate Si» 1 ulion a vigorous evolution of 
oxygen oc<Ajrs- It is thought that llie niedianism of this catalysis 
may he the alternate fomxation and decomj.H)sition of cobalt 
IXToxide* 

2CoO-+Ca((X:i).^ 2fV>02 I CaCl, 

2C0O2 - 20*0 i Oo. 

The original cobaltous oxide. CoO» is formed by the action of the 
lime in the bleaching*p>owder: 

Co(NO:^)2H-Ca(OU)2-CoO+Ca(NOj2+^ 

A fabric to be* bleached is stccj>cd in a dilute solution of blcaching- 
powder and then exposed to the air for sonic lime. Atmospheric 
‘ carbonic acid' liberates hypochlorous acid. HCIO. from the 
bleaching-powder, and this destroys the colouring matter. The 
fabric is then rinsed in water acidified with a little sulphuric acid, 
to decompose any unchanged bleafhing“jK>wdcr. and is after¬ 
wards placed in an antichlor bath. Finally it is thoroughly washed 
in water. 
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The available chlorine in bleaching-powder may be estimated by 
taking a known weight of the sample, mixing it in solution with 
excess of potassium iodide, and acidifying with arctic acid. The 
chlorine liberated from the bioaching-powclcr bv the acid disjilaces 
from the iodide an equivalent weight of iodint*» which can be 
estimated with standard sodium thiosulphate: 

1 litre N/iC ita^S,Oar: 127 gm. 1 ^ 3*55 gm. chlorine. 

0 \ring to its strong oxidizing power, blcaching-p<iwder is a good 
germicide and is widely us«l as a disinfectant. 

Calcium iodate, Ca(I03)2. is used as a preservative of food. It 
is more efficient than lx>ric aciil, and is good for the health, wliich 
boric acid is not. 

Sulphides.—ITicse comjxnjn<ls are prepared (i) by union of the 
elements; (ii) by heating the oxide in a stream of hydrogen sulphide 
(the action is reversible): 

CaO+H^S^^CaS + HjO; 

(iii) bv reducing the sulphates, as fur instance with carbon. This 
reaction is used in the preparation of barium compotnuls from the 
insoluble heavy-spar (BaS04), which is heaU^d with coal: 

BaS 04 -f 4C«BaS-f-4CO f. 

The mass is then extracted with water and the barium goes into 
solution as hydrosulphide: 

2BaS4 2H,0‘T2Ba •d-2SH'+20H'. 

Hydrosulphidcs such as Ca(SH), arc also produced in solution when 
hydrogen sulphide is pass^ into suspensions or solutions of the 
hydroxides: 

HaS+OH'-HS'+HgO. 

The monosulphides are colourless solids that have the power 
of glowing in the dark if certain impurities arc present; the pure 
sulphides do not phosphoresce. The monosulphidcs are almost 
insoluble in cold water, but if the temperature is raised they are 
hydrolysed, the first products being hydrosulpliides. Hydrosul¬ 
phide solutions are decomposed 011 boiling into hydroxide and 
hydrogen sulphide: 

HS'H-H, 0 =H,S t +OH'. 

Calcium sulphide is slowly oxidized to thiosulphate by air and 
water, and most of the sodium thiosulphate of commerce is obtained 
m this way from the calcium sulphide which is a by-product of the 
old Leblakc process for the manufacture of washing-soda. When 
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licatftd in oxygen, the sulphides of the alkaline-earth metals are 
easily converted to sulphates: 

CaS+ 20 j=CaS 04 . 

Polysulphides such as CaS^ or CaSj^ can be obtained by boiling 
the sulphide or hydrosulphide solutious with sulphur. The alkali- 
metals and ammonium, whose moiujsulphides are also soluble in 
water, fom\ similar compounds, which ap(>ear to contain neutral 
hulphur atoms combined w'itli a bivalent sulphide ion to form a 
bivalent complex ion. 

Sulphates.—All three siilphatas occur n.itive, and as they arc 
all nearly insoluble in water they can also be precipitated by soluble 
Milpljatos from .solutions of alknlinc-earth salts. The approximate 
solubilities have alreadv bi'cn given (p. 4^9). A satur?^.ed solution 
oi calcium sulphate will form a precipilatc with barium solutions 
or reasonably concentrated slronlium solutions, and is used in 
distinguishing these elements from calcium. Darinni sulphate is 
;i '’ory insnUible substance and is much us<*(l in quantitative analysis, 
li is, however, .soluble in concenlratcx! sulphuric acid (150 gm. per 
litre in the q^-per-cent acid at 25®), with which it form.sthc hydrogen 
sulphate, RaiHSO^)*. 

When gypsum, Cn$04.2H20, the naturally-occurring dihydrate 
(;f calcium sulphate, is hen led at no® it is converted lo the hemi- 
hydrate 2CaS04.H^0, called plufitcr of Paris. If this substance, 
III the form of a very fine powder, is mixed to a paste with water, 
it soon swells a little and sets to a hard mass of the dihyclrate. 
1 his property is put to use in making casts of objects and in making 
plaster for other purposes. K too strongly heated, say at 200®, 
gypsum is converted to anhydrous calcium sulphate, which takes 
up water only very slowly and is not suitable for the preparation 
of quick-setting plaster. 

Natural anhydrite is used in the manufacture of ammonium 
sulphate from synthetic ammonia. A saturated solution of am¬ 
monia is agitated with Qnely-powdcrt^rl anhydrite, CaS04, while 
carbon dioxide is bubbled through the liquid, forming a carbonate, 
since the ammonia keeps it alkahne. The solubility of calcium 
sulphate at the working temperature is about a bundled times that 
of calcium carbonate, so the action: 

CaS 041 4 CO, V'CaCOa | 4 SO4’. 

goes almost wliolly to the right. 1'he calcium carbonate is removed, 
and used to make calcium nitrate with synthetic nitric acid, while 
the ammonium suljjhate is recovered from the solution by evapora¬ 
tion. This process is used at Billingham-on-Tees. 

Nitrates.— The nitrates, such as Ca(NOj,)4. are prepared by the 
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usual methods, and calcium nitrate is prepared on the large scale, 
as described above, foi use as a lerfilizcr. Since barium nitrate is 
not very soluble in water, it can be precipitated from concentrated 
barium solutions by nitric acid or other stjlublc nitrates, but stron¬ 
tium and calcium nitrates are both deliquescent and exceedingly 
soluble in water. The high solubility of the calcium salt is a 
disadvantage when it is used as a fertilizer, as it is so quickly 
washed from the soil by rain. Calcium nitrate is also very soluble 
in the alcohols, whereas strontium and barium nitrates are nearly 
insoluble. All three nitrates dccojnjK>sc on strung healing, giving 
a mixture of g;tses and the oxide of the metal. 

Phosphates. —Calcium orthophosphate. Ca9(PO))2. occurs in bones 
and is found native in various pjirtsof the world, efi|K'cially in Tunis 
and the United Slates, Guano, the droppings of siM-birds, after 
long exposure to the atmosphere consists principally of calcium 
phosphate. Calcium phosphate is a valuable manure, but since 
the mineral forms of the substance arc insoluble in water the 
crushed ore is converted by sulphunc acid to a mixture of calcium 
su]]))iate and calcium suf>erpho$phaU, a substance with the formula 
Call4(1*04)*, which is soluble in water: 

C<i^(V0^)f\'2U^S0^=2C:iS0^+C'<iH^[V0^)^. 

The mixture is sold and appHetl direct to the land. 

Calcium phosphate (from bone-ash) is used in the manufacture 
of phosphorus (p. 61G) and of table salt (p. 446). The normal 
phospliates of stnmtium and barium arc likewise insoluble, and all 
three are j>recipitated by soluble phosphates from solutions of salts 
of the metals. 

Chromates. —Barium chromate, HaCr<)4, is practically insoluble, 
strontium chromate very slightly soluble, and calcium chromate 
fairlv boluhte. At 18® the solubilities in grams per litre are: 
BaCr04 0*004, biCr04 1*2, CaCr04 23*2. Tlus is made use of in the 
separation of the elements of the subgroup. 

Separation of the Alkaline-earth Metals. —The principal methods 
are based on: 

(i) The insolubilitv of brinum chromate. 

(ii) The insolubihtv of calcium fluoride. 

(iii) The insolubility of barium sulphate 

(iv) The insolubility of strontium and barium nitrates m alcohol, 
m which calcium nitrate is 5 ?olnhle. 

The insolubility of calcium oxalate is also frequently made use of 
in analysis. 
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Subgroup B 

Zinc, Cadmium, Mfkcury 

Zn 65 38. Atoniic Numhcf, 30 
Cd —112*41. Atonue Nionhrt, 48 
H u 2<K) *01. A tonne Kunther, 80 

Tlic gcnrral chai'acteristlcs of the subgroup have already been 
cli^^cussed; but there is a much wider variation between the eJenicnts 
than occui> in Subgroup A. Cadmium resembles zinc much more 
than it dofjs mercury, which is in many rcsj)ects unique among the 
{‘icrneiits, aricl must bt' separately considered. The principal com¬ 
plexes, excluding auto-complexes, are those with ammonia {e.g. 
Zn. 4 NHn*' or Hg.zNH,*'), with cyanides (e.g. Zn(CN)4' or undis- 
Mjciatcd Hg(rN)j), and with lialides (c.g. Cdl/ or Hgl4'p 

The compounds of all these elements are poisonous, especially 
cho.se of mercury. 

Zinc and Cadmium 

History.—Though brass was known ai least a thousand years 
before the Ctirislian era, the term nm, as the name tor a Uistmcl 
melal, seems to have been invented by Pauacei.SUS (1493-1541). 
In lus Liber minerahum he savs that * there is another metal. 
zvickum, which is m general unknown to the fraternity/ but admits 
that he xf- as yet unacquainted with its ultima tnalerta, HenckivI. 
(1720) picparcd nictallic zinc compaiativcly tree from impurities, 
and by 1740 CHAMPION had establisherl at Bristol a works for 
extracting the metal from calamine (ZnCOd. 

Cadmta (CdO) was discoveied by Stkoumevkr in 1817. the 
dust in the condensers of a zinc works at Saizgitter. Karstkn 
showed that the new element was present in the zinc ores 
of Silesia, and the metal itself was shortly afterwards prepared by 
Strohmeycr by reduction of the oxide with charcoal. 

Occurrence.—Zinc is an abundant clement produced principally 
m the United Statc*s, Germany, Great Britain, Poland, and Belgium, 
where it occurs as zinc spar or calamine, ZnCOg; zinc blende, ZnS. 
wtllemite, Zn^SiO^, and in other nuneials. Cadmium is much less 
common; nearly all the cadmium of commerce 15 extracted from zinc 
ores, and the only important cadmium mineral is grecnockile, CdS. 

Extraction.—Zinc ores are first roasted in the air. The sulphide 
is converted to oxide, and evolves sulphur dioxide, which in large 
work.s is sometimes recovered, while the carbonate is also converted 
to oxide with the loss of carbon dioxide: 

2 ZnS+ 305 = 2 ZnO+ 2 SOj. ZnC 04 =Zn 0 ^ CO|. 
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The silicate loses the water associated with it. Tliis treatment 
also helps to remove any arsenic or antimony in the ores as the 
volatile oxides. 

The product of the first op<Tation is mixed with coal and distilled 
in small fireclay retorts which are heated by pr^xlucer-gas. Tlic 
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zinc distils ijvrr and is collcrtc<I in imn condensers luted (i.e 
crmeuied) to the retorts, while the carbon monoxide pa.sses up 
the chiinnev: 

ZnO 1 C-Zn I CO f. 

It usually burns at the mouth of (ho condenser, and ( 1 »‘ appearance 
ol the Hamc helps the works eiigmccr to follow the progress of the 
distillation. 

Tlie zinc obtained in this way is then refined by electroly^'is- 
The standard electrode potential of zinc is —0*76 volts (Hg-'o), but 
the over-voltage of h3'drogen on a smooth zinc cathode nearly 
reaches this figure, and consequently zinc can be electrolytically 
deposited if the acidity of the .solution is kept low enough. 

Cadmium boils at 780° and zinc at 920°, so that when zinc ores 
containing cadmium are distilled the first fraction consists almost 
entirely of cadmium. A g<H>d deal of cadmium oxide is also 
commonly found in the condenser, so the distillate is mixed with 
coal and again fractionally distilled. 

Uet&ls.—Commercial zinc (* spelter *) contains cadmium, iron, 
lead, and sometimes arsenic. It is difficult to purify, but may be 
distilled trt vacuo or purified electrolytically. The volatile zinc 
ethyl, Zn(Cj,Hfi),, has also been used in the preparation of pure 
zinc compounds. 

Crystals of pure cadmium may be obtained by adding zinc, which 
precipitates the less electro|X)sitive cadmium from its solutions, 
to a solution of a good specimen of cadmium sulphate. 

Tlie metals are greyish-white and are fairly soft, especially if 
pure. The physic^ properties of zinc <lepend very much on its 
state of purity, and this also affects the velocity of chemical changes 
in which it takes part. It is supplied to the laboratory as foil, as 
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zinc dust, or as granulated zinc, obtained by pouring molten zmc 
into water. Zinc is tolerably malleable, but must be warmed 
before it is drawn into wire. 

Zinc and cadmium are stable in dry air, but in moisl air become 
coated with a him of oxide and carl^nate which prevents lurlhcr 
attack of the metal. Iron is protecled from rusting by covering 
jt with a layer of zinc; this is done either eleclrolytically or by 
dipping the iron in molten zinc, and the product is called ‘ gal- 
v*mi2cd iron.' In the air molten zinc and cadmium are <juickly 
covered with a layer of oxide, and if heated in oxygen they will 
burn, They will slowly decompose boiling w'ater. bu( they soon 
become covered with a him of hydroxkle, and zinc will not readily 
liberate hyilrogen from any dilute solution—acid or alkaline— 
if tlie metal is very pure. This i.s connected with the high over¬ 
voltage of liydropen at a zinc cathode, for which no explanation is 
quite generally accepted. 

Zinc and cadmium dissolve in acids to form solutions ol their 
salts, and will also dissolve slowly in solutions of caustic alkalis, 
hut cadmium is not attai ned to the same extent as zinc. Hoth 
metals will hlieratc a little hydrogen from solutions of arumonium 
.salts, forming complex ions (Zn.4NH3)*’ and (Cd.AhJH;,)*’. With 
hot concentrated sulphuric acid, sulphur and hydrogen sulphide or 
sulplmr dioxide are obtained. 

Uses.—Z Inc IS used in the manufacture of galvanized iron, in 
alluvia such as brass and coinage nieials, and in electric batteries; 
It is the dieai>est of the more electropositive metals. In the 
iaboratury it is used as a reducing agent, chiefly in analytical and 
organic chemistry. Cadmium finds a limited use in the manufac¬ 
ture of tiisiblc alloys, of standard cells, and in platuig the bright 
parts of rnolor cars and bicy<*lt‘s. Cadmium is tougher and less 
easily corroded than zinc. 

Oxides and Hydroxides.—Tlie oxides are obtained by burning 
the metal m air or oxygen, or by heat mg the hydroxide 01 carbonate. 
Zinc oxide, ZnO, is white; it b^omes yeUow on heating but loses its 
colour again on cooling. Cadmium oxide, CdO, is brown. Both 
oxides are stable compounds which can be reduced by hydrogen 
only with difficulty. Zinc oxide is used in paints and ointments: 
zinc oxide paint, unlike white lead, is not affected in colour by 
hydrogen sulphide, as zinc sulphide is white. The vcr>' llnely- 
liiviileci form obtamed by bunung the metal in air is the best for 
making paint. 

The hydroxides Zn(OH)j and CdfOH)^ are colourless compounds 
precipitated from zinc or cadmium solutions by caustic alkalis. 
They are readily converted to oxides when heated to 300® or over, 
Tliey are practically insoluble in water. Both of them will dissolve 
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in acids to form solutions ol zinc or cadmium Sfilts. Zinc hydroxide 
has also distinct acidic properties, and when precipitated by caustic 
alkalis will dissolve in excess of the reagent, forming a zincatc: 

Zn(OH)2 f zOH^ZnOt’+zHsO. 

The solutions are decomposed on 1 x>iling and zinc hydroxide is 
d<']>osited. liy adding alcohol to solutions ot zinc hydroxide in 
very concentrated caustic potash, cry'stals of potassilnm zincate, 
K^ZnOj, can be obtained; they are hydrolysed by water. Tlio 
same compound can be preparc'd by fusing a mixture of zinc oxide 
and caustic potash: 

ZnO-l zKOll -K2Z11OJ+IIP t- 

Cadmium hydroxide is not sufficiently acidic to dissolve in 
aqueous alkalis, but cadmiates resembling the zincates can l)o 
obtained by fusing cadmium oxide with solid caustic potash. 
Both zinc and cadmium hydroxides arc slightly soluble in aqueous 
ammonia, but it can i>c shown that this is not due to tlic increased 
hydroxyl ion concentration of the solution and tlie resulting 
formation of zincates or codiniates, since 

(i) tlie hydroxyl ion conccnlrntion of the ammonia solution 
is much less than that of caustic alkali solutions too weak to 
dissolve cadmium hydroxide; 

(ii) solutions of the substituted ammonias sudi as (CgHJ,N011, 
wliich are stronger bases than ammonia, liave a smaller 
solvent effect; 

(iii) on electrolysis the zinc concentration increases round the 
catluxle, and not round the anode, as would l>e cx])ectcd 
^v^^c one of the ionic species ZnOg*, and as docs actually 
happen in solutions of an alkali-metal zincate. 

It is therefore inferred that the oxides have dissolved to form 
complex ions, and the law of mass-action applied to the solubility- 
relations shows tliese ions to be chiefly (Zn.4NH3)*' and (Cd.bNHj,)’’. 

Peroxides* —When hydrogen peroxide is added to zinc hydroxide 
and water, a substance is obtained which may l>c ZnO,11^02 but is 
more probably ZnO^-HjO. It is not very stable, and on heating 
readily loses oxygen: cadmium peroxide is similar. Neither can 
b(* j)repared free from water and the lower oxide. With acids they 
yield hydrogen peroxide and a solution of a salt of zinc or cadmium. 

Carbonate*—Zinc carbonate occures native (p. 501). It is the final 
pn^duct of the action of moist air on zinc. The carbonates of both 
zinc and cadmium are much less soluble than, for example, mag¬ 
nesium carbonate, and may be precipitated fairly pure by adding 
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soluble carbonates to solutions of their salts under suitable con¬ 
ditions, but tlie product always contains a little hydroxide. Tins 
may be avoided by passing carbon dioxide through the solution, 
or by using sodium hydrogen carbonate, whose solutions are much 
more acid than those of sodium carbonate, for the precipitation, 
both carbonates arc readily converted to the oxides on heating. 

Halidea. —Solutions of the halides of zinc and cadmium may be 
prepared by the usual methods, but on evaporation of these solu¬ 
tions (except that of the fluoride) hydrates are obtained which lose 
halogen acid by hydrolysis on further heating, leaving a basic salt, 
though this is much more marked with zinc than with cadmium, 
tor the low dissociation of cadmium salts reduces their hydrolysis. 
The anhydrous halides must therefore be prepared by the action of 
the halogen or the hydrc^cn halide on the metal. All the anhydrous 
suits except the fluoride are converted to the oxide on heating in 
air. They arc all soluble in organic solvents, the fluoride again 
excepted, and are very soluble in waler; the fluoride.^ are slightly 
soluble. The sails have a very great tendency to auto-complex 
formation and arc probably i>artly covalent. *11 methyl alcohol, 
so far a.s they have been examined, they are weak electrolytes. 
Kxcepl the lliioridrs. they form iinrncrous hydrates and have a 
great avidity for water. The s*dutions arc markedly acid from 
hydrolysis. The njelting-|Knnts are given IkIow in degrees Centi¬ 
grade: note the high values for the fluondcs as compared with the 
remainder: 

I'lvorfde Chh^'itU iirumtde Iodide 

Zinc 

CiidmiiiiTi 1110 5(»H 

Chlorides .—Zinc powder or thin zinc foil will burn spontaneously 
in chlorine, forming the anhydrous clUoride, ZnCl^. a glassy, very 
hygroscopic substance used in the laboratory as a desiccating 
agent. Cadmium chloride is a crystalline substance which can 
also be prepared by the union of the elements. Several hydrates 
of both salts are known, and the anhydrous compounds com¬ 
bine avidly with ammonia to form compounds, ZnCl2.6NH3 
and CdCl^.bNHg. Double compounds, such as zKCl.ZnCl^ or 
2KCi.CdCl2.7H2O, are also \xry common in the solid state. Zinc 
chloride solutions, if sufficiently fioncentrated, will dissolve cellu¬ 
lose; on diluting the solution with water, the cellulose is reprecipi¬ 
tated. This was formerly used in the manufacture of carbon 
filaments for electric lamps by a squirting process followed by 
incomplete combustion. Solutions of zinc chloride, which is 
poisonous, like all zinc salts, are used in preserving wooden 
sleepers. 
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By heating cither the anhydrous or the hydrated salts in air or 
oxygen numerous oxychlorides can be obtained, and a cement used 
for stopping teeth, and similar to magnesium oxychloride cement, 
is made from a mixture of zinc oxide and zinc chloride. 

Bromides .—Pure zinc bromide was used by Richards and Rogers 
in the determination of the atomic weight of zinc. It was prepared 
by the union of the purified elements, and further purified by 
distillation at about 700® in an inert atmosphere. 

Zinc and cadmium ifHli<lcs arc well known for auto- 
complcx formation. Tlie transport-number of the cadmium ion 
in concentrated solutions of the iodide, as calculated from migra¬ 
tion experiments. has a large negative value, .so much of ihe 
cadmium travels to the anode in the form <if complex ions sucii 
as Cdl/. 

Sulphides.—Zinc sulphide, ZnS, occurs native as blende. The 
precipitation of the sulphides of zinc and cadmium by hydrogen 
sulphide has alrea<ly lM»cn discussed (p. i<)6). Zinc suljdnde is 
white and cadmium sulphide primrose yellow; the latter Ls ust‘d 
as a pigment. In the presence of certain impurities, zinc sulphide 
phosphoresces, and is us<’d on screens in experiments on radioactivity. 
The pure substance has not this power. 

Sulphates.—The sulphates arc colourless compounds which can 
be obtained by the usual methods: the hydrates in equilibrium 
with the saturated solution at room temperature are ZnS04.7H20 
and 3CdS04.tiH20. Unlike magnesium sulphate, the suljihalcs of 
zinc and cHchnium can be dehydrated without decomposition. 
They are both very soluble in water: the solubility of the cadmium 
salt has a low temporalure-co<tfficicnt round about room temjxjraturc, 
and it is used in Weston cells (p. 248). The principal use of zinc 
.sulphate is in the manufacture of lilkopone, a white pigment con¬ 
sisting of a mixture of barium sulphate and zinc sulphide. It is 
prepared as a precipitate by mixing solutions of zinc sulphate and 
barium sulphide. 

Nitrates.— fhese can be prepared by the usual mclliods in tlie 
form o( several hydrates, but if is doubtful whetlier all the water 
of hydration can be removed without decomposing the salt, w^hich 
readily loses nitric acid on heating. The hydrates both of zinc 
and cadmium nitrates are very soluble in water and also dissolve 
without difficulty in alcohol. 

Phosphates. —Zinc and cadmium resemble magnesium in the 
formation of an insoluble corapo>md ((NH4)ZnP04 and (NH4)CdP04) 
when solutions of their sails arc treated with a solution of ammonium 
dihydrogen phosphate, (NH4)HoP04. On heating the precipitate, the 
pyrophosphates Zn.PyO^and Cd^PjO^are obtained, and this process 
is used in the gravimetric analysis of zinc and cadmium. 
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Separation of Zinc and Cadmium. --Zinc and cadmium compounds 
may be separated 

(i) b\* cleclro-deposition of the cadmium (p. 266); 

(ii) by i^rccipitation of t lie cadmium as sulphide (p. ; 

(iii) by extracting the mixed hydroxides with aqueous caustic 
potash; 

and by other mctho<ls. 


Mf.pcuky 

The principal differences lx‘t\veen mercury and the other members 
of the subgroup are its low meUing-ix)int, Jiigh density, and positive 
electrode polcnliah the prethmunanUy covalent character of most 
of the mercuric compimnds, and the existence of a whole series of 
i>ig:‘nic compounds and of the mercurous salts and the amalgams. 
History.— Mercury has been known in the elementary stale since 
very early times; thus a small vessel filled wilh mercury wius f(?und 
l)V Sciii.iUMANN in a grave considered to l>c of the sixteenth or 
fifteenth century H.c. Pjjmy (rtrsl century a.i>.) disUngiushos 
between the native melal, which he calls ar^cniiftn vivntn {* quick- 
silver'), and hydrargyrum ('liquid silver') prepared from cin¬ 
nabar (HgS) by iKiwdcring the latter w'ith vinegar in a copper 
vessel. This method of extract 1011 was mentioned by 'I nhonuKASTUS 
in his book on Stonrs, <il)out 300 B.c. Among the alchemists, 
nicrenr}' was frc<iuently regarded as the seed of all metals, W'hile 
ihe alternative theory, which regarded metals as comjxnnids of 
mercury with sulphur, was commonly accepted for a period of 
ever a thousand years {<ee Historical Introduction). The fact 
that mercury is dcfinhcly a metal wa'^ confirmed by Rtiaon (1759- 
1700}, who observed that it niiild lie frozen in a freezing-mixture, 
Occuireoce.—Mercury is (»iie of the scarcer elements. The most 
iinpiortant deposits are m California, at Almaden (Spain), in Iriria, 
and in Mexico, where the mcmiry occurs as the sulphide cinnabar, 
HgS, mixed with small quantities of the native clement. 

Extraction.—Tlioro are two pnx'esscs for extracting mercury 
from cinnabar. They aie bi^th carried out at temperatures above 
the boiling-point of the element, s<j that it distils over and can be 
collected in condensers. In the fir^t process the cinuabar is roasted 
in air; 

HgS+O^^Hg t t. 

In the second the ore is mixed with quicklime and heated in retorts 
in the absence of air. A mixture of calcium sulj^hide and sulphate 
remains in the retort: 

4HgS-(-4Ca0^4lIg t + 3 CaS-hCaS 04 . 
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At Almadcn, in Spain, where the first process has been worked 
for centuries, the condensers ori^nally designed in 1633 in Peru 
are still in use; they arc small earthenware cylinders called aludeh, 
and are arranged in rows. 

Purification.—The first step is to filter the mercury through 
chamois leather, an operation first descrilxjd by Pliny. The, 
more electropositive metals, such xs zinc, cadmium, or lead, are 
then removed by passing the metal in a rain of small drops tlirough 
very dilute nitric acid: the operation can be made continuous if 
the apparatus is combined with an air-lift attached to a filter-pump. 
The metal is then dried with filler-paper and again filtered through 
leather, and is then distillc<l in a vacuum or in carbon dioxide 
under low pressure. 

Metal.—Mercury is a hea\7 grey litpiid. density I 3 ' 5 Q* freezing 
at —39® and boiling at 360“. The vajnmr is monatomic. The 
metal is appreciably volatile even at (ordinary temperatures. It 
i.s stable in the air, but is slowly converted on heating to the o.xide 
HgO. It is attacked by ozone, which covers it with a thin film of 
oxide and caust's it to * tail'—i.e. to aillim* in small flecks to a 
glass surface. It will not reduce steam. 

Mercury is unalfccled by <lilutc hydrochloric or sulphuric acirl, 
but dissolves in the hot concentrated acids to give hydrogen and 
sulphur dioxide resj)ectivcly. It is unaffected by very dilute 
nitric acid, but with fairly concentrated acid pure nitric oxide 
can be obtained, with mercurous nitrate in solution: 

0Hg4-8HNOa=3Hgg(NO3)2d*2NO f +41180. 

Mercury reacts vigorously with the halogens in the cold. 

The metal is used in scientific inslnnncnts and laboratory 
apparatus (e.g. the pneumatic trough), and in the electrical industry. 
It is the international standard of resistance. Fairly large quan¬ 
tities are used in some tyix?s of electrolytic cell (p. 438). Mercury 
was formerly used in the extraction of gold and silver by the amal¬ 
gam process. Conslijxition was formerly treated by giving the 
patient a pound or two of mercury to swallow, and mercury ointment 
is still used in the treatment of certain diseases. 

Oxides.—The hydroxides of mercury are very unstable and need 
not be considered here: indeed, their existence is open to doubt. 

Mercurotts oxide, Hg.O, is a black substance, insoluble in water, 
prepared by the addition of caustic alkalis to solutions of mercurous 
salts. It is an unstable compound that slowly absorbs oxygen 
from the air to form mercuric oxide, and by heat or light is readily 
decomposed into mercuric oxide and mercury. 

Mercuric oxide, HgO, can be prepared by heating mercury in air 
or oxygen, but this method is very slow. It can also be made by 
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11 eating mercuric nitrate, or precipitated by caustic alkalis from 
solutions of mercuric chloride. 

It occurs in two forms, one red, the other yellow. As the red 
variety can be converted to the yellow by grinding, it is probable 
that the difference in colour is due to a difference in the size of the 
grains. On heating to about 650*^, the oxide is decomposed into 
oxygen and mercury, which volatilizes; this is in marked contrast 
with the behaviour of the oxides of other Group II elements. It 
js also easily reduced to the metal by hydrogen on warming or by 
carbon monoxide in the cold. 

The oxide, which is almost insoluble in water, dissolves in acids 
tcj give solutions of mercuric .salts, but shows only the feeblest 
acidic properties. It docs not dissolve to any signiheant extent 
in aqueous alkalis, and the prcxlucts obtainerl by dissolving it in 
fused alkalis at high temperatures cannot exist in presence of water. 
Tlio oxide is, however, distinct I v soluble in st»lutions of the alkali- 
metal chlorides, bromides, and icKtidos—the solubility incieases in 
tlicit order—and aj>plication of the law of muss-action shows the 
equilibrium to be: 

HgO -1 4 l'+H, 0 ^IIgI/+ 20 H', 

I bis has been made use of in the preparation of solutions of standard 
alkalinity in volumetric analysis, A known weight of mercuric 
oxide is dissolved in excess of aqueous potassium iodide, and two 
grarn-ions of hydroxyl are produced for every gram-na>lecule of 
mercuric oxide dissolved. 

Mercury peroxide, HgOj.—This compound can be obtained by the 
action of aqueous hydrogen jxjroxidc on mixe<l alcolu^Hc solutions 
of mercuric chloride and jwlassium hydroxide. It is a red compound 
which slowly dccomj)oscs, cs|)ecially in the presence of ivaler. into 
mercuric oxide and oxygen, but it ib fairly stable when dry, and 
in this condition can be kept for a few days at ixkot tempciature. 

THE Merc V KOUs C om poun i)S. — i^fcparation. —The mercurous 
compounds, in which the valency of the metal appears to be i, 
arc prepared by the action of acids on mercuiy, by direct combina¬ 
tion with mercury in excess, or by reduction of the mercuric 
compounds, often with metallic mercury^ as the reducing agent. 

Constitution .—If mercury is really univalent in these compounds, 
they are the only example of soluble compounds of Group II 
elements in wliich the metal has a valency other than 2, It 
is true that the molecular weight of mercurous chloride as calculated 
from the vapour density is in agreement with the single molecule 
HgCl, but this can equally well be explained by complete dissociation 
of the vapour into mercury and mercuric chloride: 

HgA-Hg + HgCl,. 
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The vapour density of tlic tborouf^hly dried substance is in closer 
agreoraent with the double formula. ITic qticstion was finally 
decided by Ogg, who proved that the mercurous ion was a complex 
form<‘d by the combination of a mercuric ion with an atom of 
mercury: 


and consequoally that the valency of mercury in the mercurous 
compounds was 2. The evidence w;ls as (fallows: 

Electrochemical Evidence. — i. 'flic valency type of an eleclrolytc 
can be infoiTed from the effect ot dilution on the of a con¬ 

centration cell (p. 262). Thus the ekvtnxlc potential of a metal 
A in a solution containing ions A' changes by O'Ojd volts on tenfold 
dilution of the electrolyte, wlnle if the ions are A‘* the change is 
only half this amount. In this way the valency of the mercurous 
ion in a solution nf mercurous nil rate was shown to be 2. 

2. The sloi)c of the curve connecting the equivalent conductivity 
of mercurous nitrate with the square root of the couccnlralion is 
about equal to that usual for other bi-uni valent sails. 

Evidence from Freezing-poinls. The fa'czinp-poinls of solu¬ 
tions of mercurous nitrate in dilute nitric acid (necessary to prevent 
liytlrolysis) are in ngrmncnt with the existence of Hg,*’ ions. 

Evid^ce from the Law ol Mass-action. 4. A solution of men uric 
nitrate will dissolve some mercury and an equilibrium is set uj) 
between mercurous and mcicurie ions, which on the alternative 
views must be represented: 

Hg-|-HgV-2Hg or Hg+Hg%>Hg;\ 


If the funner is correct slioiihl be a constant, if the latter. 

] 


The mercurous salt concentration at equilibrium, as 


(Hf'-J- 

determined by analysis, is found to be nearly pTopj>rtional to the 
mercuric salt concentration, and not to its square root, so the 
second view is correct. 

5. Mercuiy w'ill reduce a solution of silver nitrate to silver, wliich 
forms an amalgam, until I lie mercurous ion concentration of the 
solution roaches an equilibrium value. The action may be 
represented: 

Hg+AgVHg'-l-Ag nr 2Hg-4-2i^VHg2“+2Ag, 

and the equilibrium exiiressions will and 

(Agl [Ag]* 

where [Agl represents the concentration of silver in the amalgam. 
The second expression is found to be approximately constant: the 
former is not. 
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Proper tics. —resj>ect to the mt^rcurotis ion, mercury has a 
fairly high positive standard ix>teiiti«i] (+0*80 volts), and the 
mercurous salts of easily discharged anions (such as the iodide 
ion) cannot exist in water except at very low concentration, i.e. 

tire insoluble. 11ic same applies to the mercurous salts of 
weak amis. The only imjx>rtaiit soluble mercurous salts are the 
lluorklc and t!»e salts fd such (j\yacids as the nitrate, chlorate, and 
j >e re 1 1 1 ora tc. 'These s; 1 Its a re c xti'nsi vely 1 o n 1 i 11 ac] ueo u s sol u t i < »n, 
but unless acid Ls added to them they are liable to undergo liydrolysis 
with rlepositioji of Ixisic salts. The mercurous salts <lo not show 
the remarkably strong b'luloiicv l<» c<»valency ut the mercuric 
coniivmncK: they are diss^K-iatixl in s^'lution, and mercury iii the 
ineieurouscon<htion will ncitb<*r form cjrganh* <*oni]M»uuds nor readily 
form complex iom: it is already a complex ion itself. 

Tile mercurous stilts arc easily reduced to nuTcury or oxidized 
to nieicurie salts. In tin* pres**nce of nieicury the balanced action 


llg,*: Mgl iHg' 


nxiclirs (at zs'') an cqmhhrium u\ which the concentration ol 
tuercnnuis salt is alxmt i-|o liim*s the concentration of mercuric 
salt. Merc uric sidls are tlierefore iiearlv completely reduced by 
TniTCury, but mercurous salts, on the other hand, arc decomposed 
l»v substances which al)Sorb mercuric ions to form complex iems. 
uiidissociated molecules, f»r very insoluble substance.s such as 
mercuric sul])hide, IlgS (whose* s<>lubilitv-pro<luct is only about 
io“j,)« This explains the precipitation of mercury fn)in solutions 
ol mercurous com])ounds by ammonia, cyanides, and sulphides: 

Hg, *42^15 

TIgj -|- 2 ('N' -Hgl 4 ng(f N)^ (umonizcxl). 

Hg,- TS' 4-HgSi. 

Mercurous carbonate, is a yellow' .substance obtained by 

precipitating solutions uf mercuroas .->alts with sc>diuin hydrogeji 
carbonate. It readily <lcc»>mpo.ses. especially if wanned, into 
mercury, mercuric oxide, and ('arlM>ii dioxide: 

Ifg2^05''^Hg4HgO hCOaf. 

Halides. - The fluoride is the only soluble mercurous halide: 
the other anions an* too ea.siJy discharged for the salts to be stable 
m solution except at low concentrations. 

Mercurous jiuwidc, HggFj, can lie obtained by the action of 
hydrogen fluoride on mercurous carbonate. It is soluble in water. 

*R 
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Mercurous chloride, calomel. is a white substance pre¬ 

cipitated from mercurous solutions by soluble chlorides, or obtained 
by heating a mixture of mercury and mercuric chloride until the 
calomel sublimes. Apart from the evidence quoted above, X-ray 
analysis confirms the structure Hg^Clg. It is practically insoluble 
in water, It can easily be sublimed bv heating, as the vapour 
pressure reaches 760 mm. at 373^. The vapour is completely 
dissociated into mercury and mercuric chloride unless tlie substance 
has been thoroughly dried, when less dissociation takes place. 
Mercurous chlorides is blackened by aqueous ammonia, and is con¬ 
verted to a mixture of mercury and mercuric ainino-chl^^ndi': 

Hg,a,4 2 N!V.-Hg| I Hg(NHja i +NH;+cr. 

Calomel is used in medicine as a purge, and in ointments. 

Mercurous bromide, llg^Brj, is a white insoluble substance 
precipitated from mercurous salt solutions by soluble bromides, and 

Mercurous iodide, Hgjlj. is prepared in a similar way. It is a 
somewhat unstable yellow sul>stance insoluble in water and other 
solvents. 

Mercurous ^ulpltatc, Hg^SOi. is produced together with mercuric 
sulphate when mercury is boiled with strong sulphuric acid, but is 
best prepared by precipitating a solution of a mercurous salt willi 
sulphuric acid; it is insoluble in water. It is a white substance 
which on long boiling with water is converted by partial hydrolysis 
to a basic salt. 

Mercurous nitrale, Hg2(N08)j, the most important soluble mer¬ 
curous salt, is obtained by the action of cold not too dilute nitric 
acid on mercury, and freed from a little mercuric nitrate by re- 
crystallization. Unlike the majority ui mercury compounds, it 
forms a hydrate, Hg2(N0a)2.2H20, which, however, loses water in 
the air. Tlie solution of mercurous nitrate used in the ]a])oratory 
usually contains free nitric acid added to prevent hydrolysis. 

The Mercuric Compounds. —In these compounds the tendency 
to covalency already remarked in zinc and still more in cadmium 
has reached a degree unknown in any other definitely metallic 
element. Mercury forms a large number of organic compounds, 
far more than any other metal, and sucli a substance as mercury 
methyl, is scarce!)' attacked by water. The mercuric 

ion has a great tendency to form undissociated molecules and 
complex ions. Excluding the mercurous compounds already dis¬ 
cussed, the princij)al mercuric complexes are with ammonia, 
(Hg.zNHj)'*; cyanides, Hg(CN)j (unionized); halides, Hgl^*, 
unionized HgCl^, etc. It is, however, remarl^ble that the mer¬ 
curic compounds do not readily form hydrates. The principal 
insoluble salts are the carbonate, sulphide, iodide, sulphate, and 
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phosphate. The soluble salts, os regards their ionization in aqueous 
solution, fall into thn^c classes: 

(i) 'rhe fluoride and the salts of the strong oxyacids (e.g. nitrate 
or j>erchlorate) arc highly dissociated. 

(ii) The remaining halides arc only slightly dissociated. They 
are volatile coinpoun<ls, and the chloride and br(»mide are 
very soluble in org:inic solvents. 

(iii) 'Hic salts of we<ilc acids are practically undissociated: the 
classical example is the cyanide, Hg(CN)2. The concentra¬ 
tion of mercuric 10ns in solntioiis of this substance is so 
low that the addition of caustic alkali precipitates no 
mercuric oxide. 

Mercuric oxide is rather weakly basic, so that all the soluble 
nuTcuric salts arc hydrolysed in s«elution and liave an acid reaction. 
< xa'pt tho.se of clas.s (in), wlaise mercunc ion concentration is too 
small for hydrolysis to be noticeable. 

It seems that mercury luis a groat reluctance to form compounds 
in which it has a covalcncv of more tlian two. The reasrm for this 
behaviour is unknown, but some such explanation is necessary to 
atTount for the rarity of hydrated mercuric salts. 

Mercuric carbonate, - It is doubtful wlicthcr this com* 

pound has ever l>een oblamrd in the pure state. Carlw>nales or 
Iiydfogeu carbonates of the la Is precipitate l>asic carbonates 

from mercuric solutions. 

HaUdes.—The.se silts are all rather slightly soluble in roUl wal(T, 
and the iodide is almost insoluble. The melting-points are: fluoride, 
chloride, bromide, 230^^; umIuIc*. 250®. The fluoride is 

predominantly electro valent, the others are nuiiidy covalent. Only 
the highly dissticiated fluoride is sulTieiently hydnflysed to make 
Its preparation from the aqueous solution a matter of difficulty. 
The chloride and bromide can l>e obtlined by cvaiwration, and the 
iodide by precipitation. 

Mercuric fiuirride, HgF,, is best obtained by lieating mercurous 
fluoride: 

t +Hglv 

Evaporation of its solutions gives a mixture of the fluoride and rixide. 

Mercuric chloride^ cornwive sublimate, HgClj, can be obtained 
l>y the usual methods. When mercury burns in chlorine, cither 
mercurous or mercuric chloride is produced according to whether 
the metal or the gas is in excess. Mercuric chloride is a colourless 
crystalline substance which can easily be purified by distillation 
in a stream of chlorine. It melts at 265® and boils at 300®. It 
is prepared on a commercial scale by direct synthesis, or sometimes 
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by distillatirm a mixture of mercunms sulphate and coiiirnon 
to which a little manganese dioxide is added as an oxidizing agent to 
prevent the fonnation of mercurous chloride. The ionization of its 
aqueous s^*lutions is very slight, indeed for most purjwsos negligible, 
and a])}X*ars from trans]>ort-numbcr measurements to take place in 
steps, of which the first is: 

Hgcu->Hgcr.|.(:r. 

At ordinary dilutions the dcgre<* of disstxiation, based on this 
change, is the order of 0*03 }Ktr cent, and by far the largest 
j)art oi the s(jlutc is in the form of undissFociated molecules. 

Mercuric chloriile readily dissolves in a large imnilM'r of organic 
liquids, such as other, ncctoiie, or hiluenc. Its Uistributioii-ralio 
between toluene ;ind water is t*i the order of unity, a very unusual 
circmnstance for a metidhe salt, and measurements on this system 
have been used to conlirm the abs<*ncc (»f dissociatum indicateil by 
the feeble conducting power of the aqueous sfjlntion. Mercuric 
cldtiride is very much more soluble in hot water Ilian in a^ld. 

Mercuric chloriile is easily itnluced to mercurous ch!(jhde or to 
tnerenry. Hydn^icn i>croxide rtulttcfs it in alkaline solution {best 
obtained from sodium ^xro.xide and water) to the metal: 

HgCi3+Na,o,=ng I .( O, t +2Na.h^(:r, 

whereas in neutral solution, with Kochclle salt as catalyst, calf»Tncl 
is precjjatated: 

2 HgC 4 +HA - HgAI d-O^t d 2H* }-2Cr. 

With ammonia a white in-ecipitatu of mercuric amino-chloridc, 
Hg{NH2)(*l, is obtained: 

Hgri2+2NH2 -Hg(NH2)n i f NH4CI. 

Like all the mercuric compimiids, corrosive sublimate a 
powerful poison: it is used in taxidermy and in preventing the 
growth of fungi and bacteria in water, e.g. in thoimostats. 

Mvfcuric iodide, Hglg.—Wien a solution of an iodide, such as 
potassium iodide, is added to the solution of a morenne salt, a 
brilliant scarlet precipitate of mercuric iodide is produced which 
veiy^ readily dis.solves in excess of iixlidc to give a coloQrl<!»s solution 
containing all the mercury in the anion: 

Hg* + 21 '. Hgigj. HgLi + 21 ' -HgV'. 

Mercuric iodide can also be prejxired by mixing mercury with excess 
of iodine: the action takes place spoiiLincously in the cold. The 
substance exists in two forms, one bright red form, which is stable 
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up to 128®, and another bright yellow form stable from 12S® up¬ 
wards. Tlic yeUow fonn can be undcrcooled, but below 12S® 
reverts lo the stable red form when nibbed with a crystal of the 
red substance. As usually happens, the yellow or less stable form 
is the first to be precipitated from solution, and this can sometimes 
be observed when a soluble iiKlicIc is added to a mercuric solution, 
but the change to the red fonii is verj^ rapid. 

Although almost insi>hilde in water, mercuric iodide has a 
distinct s<ilubiUty in many organic liquids such as the alcohols or 
toluene. From a concentrated solution in excess of p<jtas5ium 
iodide solution, crystals of the com]Mmnd KJIgl4, potassium 
mcrcuri-iodide can l>e obtained, and also a coiuj>ound KHglj,, 
corresponding with the ion Hgl/. The solutions do not contain a 
'iufficient concent ration of mercuric ions to give a precipitate of 
inorcnric oxide with caustic alkalis. A solution which has been 
made ^alkaline is calletl TVcrs/cr's solution, *and is the most sensitive 
test known for atnin<inm or ammonium com}>oujids, with which it 
gives a brown precipitate, or, witli very dilute solutions, a yellow 
coloration. The exact com|x>5ition of the precipitate is uncertain, 
but is probably (NHjHgJa). 

Mercuric sulphide, HgS, is an exceedingly insoluble substance 
which occurs native a.s annabar, and can be precipitated from 
mercuric s^dutions by soluble .Milphidcs. It exists in two forms: 
an unstable black form which is the first to be precipitated from 
solution, and a stable red fonn into which the black form is con¬ 
verted on healing. The red form is used as u pigment under the 
name of vermilion', it is always artificially prepared, usually by 
heating mercury and sulphur t«>gctIior. Mercuric sulphide can 
l>e sublimed without difftcultv, but it is much less volatile than the 
h.iiidcs. It is so insoluble that it is only slowly attacked even by 
strong acids in concentrated solution. 

Mercuric sulphate, HgSO^, is made by the action of sulphuric 
acid on mercuric comjwmds, or by dissolving mercury in hot 
concentrated sulphuric acid and evajKjrating repeatedly to dryness, 
replenishing the acid: this is to decompose the mercurous sulphate 
which is simultaneously produced. Mercuric sulphate is converted 
to a basic salt by water: but it will dissolve in sulphuric acid, in 
which it is contained probably as mercuric hydrogen sulphate, 
Hg(HS04)2. It js a colourless substance which is used as a catalyst 
in certain organic reactions, e.g. the manufacture of acetaldehyde 
from acetylene. 

Mercuric nitrate, Hg(NOji)2, is obtained by the action of nitric 
acid on mercuric oxide, or by boiling mercury for some time with 
concentrated nitric acid in excess and thereby oxidizing the mer¬ 
curous nitrate first produced. It is a colourless hygroscopic 
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substance which cn^tallizes as 2Hg(N0j)|.H20 and 
It is very soluble in water and the solutions are dissociated and 
strongly hydrolysed: unless free acid is added to them they deposit 
basic nitrates on evaporation. 

Uercuric cyanide, Hg(CN)2. is made from mercuric oxide and 
hydrogen cyanide. It is a colourless substance soluble in water, 
in which it is utidissociated. On heating, it yields mercury and 
cyanogen: 

IIg(CN),-Hg+(CN)2t. 

together with some paracyanogon (p. 579). It is cxcee<Hngly 
poisonous. 

Amalgams.— Nearly all metals dissolve to some extent in mercury 
or combine with it. and the products are C€alJeci amalgams. They 
may be liquids or solids, aud they may consist of solutions of the 
metal (in the atomic form, as is shown by frccr-ing-poinl measure¬ 
ments) in mercury, or of definite compounds between the metal 
and mercury, or of solutions of such compounds in mercury. They 
are prepared by direct combination (c.g. s<xlium amalgam), or by 
ciccliolysis of a concentrated solution of a suit of the metal with 
a mercury cathode (e.g. ammonium or barium amalgam), or hv 
reducing such a solution with mercury (e.g. silver amalgam), or 
by reducing a solution of a mercuric sail with the metal (o.g. 
aluminium amalgam). Amalgams of highly electnjjKJsilivc metals 
such as sodium can be prepared by Ihc electrolytic metluHl in contact 
with water bv reason of two facts: (i) that the electrode potential 
of the metal is diminished when it is, so to speak, ’ diluted ' with 
mercury’, and (2) that the over-voltage of hydrogen on a mercury 
or amalgam cathode is high. Nevertheless, the pro]duration of 
such amalgams by the electrolytic method is usually accompanied 
by the evolution of hydrogen. 

It i.s often pos.sib}c to isolate from amalgnin.s cry.stalline com¬ 
pounds Iw*tween the metal and mercury, but their composition 
seems to bear little or no relation to the valency of the metal. 
Thus among the compounds between sodium and mercury, NaHg, 
NaHgg, NaHgR, Nusllg, and others have been isolated. \\'hcn it 
is not possible to isolate the compound, its existence can often be 
inferred from the freezing- and melting-point lines of the phase 
diagram, or from discontinuities in the curve connecting the 
vapour pressure of mercury over the amalgam with its compo¬ 
sition. Amalgams are easily decomposed, and with respect to 
their chemical properties they behave like a solution of the metal in 
mercury. 

Sodium 4Sodium reacts with mercury with the evolu¬ 
tion of heat and light. The amalgam is readily oxidized in air and 
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is decomposed by water, but it can be prepared by the electro¬ 
lysis of concentrated solutions of sodium salts with a mercury 
cathode, and this is made use of in one process for the manufacture 
of caustic soda {p. 437). It is used as a reducing agent, chiefly in 
organic chemistry, as it is less violent in its action on water than 
sodium itself. Amalgams of some of tlie less electropositive metals 
can be prepared by treating solutions of their salts with sodium 
amalgam, e.g.t 

aNa amalgamamalgam+zNa*. 

Copper, silver, and gold anmle^ams are readily formed by direct 
combination, as c<u) easily be seen by rubbing a dean coin with 
mercury. Silver amalgam can also be made by reducing silver 
nil rale solutions with mercury. Tlie am.ilgams of silver and gold 
have been used in the extraction of those metals from their ores. 

The Ainalgatns 0/ strontium and Intrium have been used in the 
preparation of the metals (p. 490). Thu amalgams can be prepared, 
though with difficulty, by electrolysis. 

Aluminium amalgam.'- U aluminium foil is warmed with a 
solution of mercuric chloride it becomes covered with a layer of 
the amalgam. Some mercurous chloride is produced at the same 
time. The chemical activity of the aluminium is much increased 
by amalgamation: it will readily liberate hydrogen from water and 
is the best available drying agent for the alcohols. 'Hie amal¬ 
gamated foil rapidly oxidises in the air, a process attended by the 
evolution of much heat, so that a minute or two after withdrawing 
it from the solution it may l)e loo hot to hold. 

Tin amalgam is used as a backing for rairrors. 

‘ Ammonium anuxlgam.* —When a concentrated solution of ammo¬ 
nium chloride is electrolysed 
with a mercury cathode, the 
mercury swells up into a — 
mass which has the consist¬ 
ency of butter and behaves 
as though it were an amalgam 
of the free radical ammonium. 

The same substance can be 
obtained by the action of 
sodium amalgam on a con- 


"Mercu^ 

cent rated solution of ammo- Preparation or Aviuonzum 

nium chloride. When Amalgam 

removed from the solution 

the amalgam slowly decomposes, yielding mercury, ammonia, and 
hydrogen. 
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In the light of modem electronic theory of valency there are 
grave difficulties in recognizing a free radical of the formula NH4, 
because if all the N,H bonds are of the common or normal electron- 
pair type then the nitrogen nucleus must bind nine electrons, wliich 
IS one electron in excess of the maximum possible for an element in 
the series Li—F (see p. 335). 
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In Grcmp III the tyincal elements and the siihf;iTjiips resemble 
each fitliLT miicli more rlD>e 1 y than in Group II, but on the whole 
lh(' typical Heineiits must lx‘ associated with Subf^njup A (wliicli 
ouitahis the rare-earth group, uni<iue in the periodic table) rather 
tliau with Subgroup H. 

i 5 orun diihTs from tlic other elements of the group and resembles 
silicon, it is a non-metal wliicli dK*s not comhu t electricity, has 
a very small atomic volume, forms no cation, and has a very high 
melting-point. It is unuiuc in the group in lorming a series of 
aivaleiit hydrides with highly complex structures, and its hydroxide is 
a weak acid while the other hydroxides are predominantly basic. 
All the tiriier Group III elements are met ah, more elect n»f>osi live 
than hydrogen, which will dissolve in dilute acids or even m water. 
With the ty]>ical elements and Snl)gToup A, valiancies other 
Ilian three are very uncomuvm, being practically confined to a 
few of the rare earths. Tlie hydroxides become more basic 
from the weakly acidic bonm hydroxide, through the ampho¬ 
teric but chiefly basic aluminium hydroxide, to the fairly strong 
basic hydroxides of the rare earths, while the salts such as 
the chlorides range from the pun*ly covalent boron trichloride to 

5W 
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tho electrovalont chlorides of the nire eArtlis. However, even the 
rare earth triehloridiN arc sr)luble in alcohol aiul hydrolysed to 
some extent by evaporation of their aqueous solutions. The 
sulphides are a!! di*compf»stHl by water. 

Snhproiip H ditfers from SuI)group \ in the lower atomic volumes 
of the elements; their lnhy<ln)Xkit's are weaker basts;. Sub^'roup H 
elements arc also remarkable for tlieir low melting-points and for 
the occurrence of lf>wer valencies ns follows: ffallium, very unstable 
valency of one; ituliton, |Kissibly valency of tw'o and very unstable 
valency of one; tliallrifm, one is th<* most stable valency, 'riicse 
<’letnciits iimcli resemble their neighbours hi the B subgroups of 
Groups IT and IV, anti the restmiblance is particularly noticeable 
if the thallous salts are compared witfi the nuTCiirinis tn plumbous 
salts. 

The valency groups of the lervalent comptmnds of all (xronp III 
elements contain six electrons, and these com|>ounds are vigorous 
acceptors. Many of tliem are ass<Kiated in the vapoui ]>h;Lse or 
in solution, aiwl they form additive coinjvouiids with most donor 
substances, as, for instance, ammoma. 

Among Grouj* III elements, only boron and aluminium are 
abundant or of commercuU hniiortaiice. 


]k)l<ON 

B-tio-Hz. Aio/tnc 5 

History. — The word borax is derived from the Arabic huraq 
(' white and shining *), a term applied to many substances used 
bv the Moslem chemists as llnxcs. One such substame, hncal 
or linear or uiiincar, obtained from India. Armenia, and Tibet, is 
tlie compound Na2B407.ioH2O, to which the name ' borax * is 
at present confined. In the Middle Ages, borax w'as imported by 
Europe from Central Asia, Venice l>cing the centre of purification 
of the crude tincar. In 1702, Ho m berg prepared boric acid 
{sel s^Jaiif dc Uomberg) by heating borax with ferr()us sulphate, 
and in 1747-8 Bar on concluded that bora.x was a compound of scl 
scdatxf and soda, further suggesting that the former was T\oi a 
salt but an acid. In 1808, Davy preparer! impure boron by 
heating potassium and boric acid together in a gold tube, and 
suggested the name bor actum for it, under the impnission tliat it 
was metallic. Four years later, however, he realized that it was 
a non-metal, and altered ' boraemm' to ‘ boron,’ by analogy with 
carbon. 

Occnirenee and Extraction. —Boron is not a very abundant 
element. It invariably occurs in the form of borates or related 
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compounds. The principal deposits arc in tlie Mohave Desert and 
the Death Valley of California, where there is found the mineral 
colcmanite, a calcium borate with the formula Ca,R|0,,.3H,0. In 
(;iiile and Peru there are deposits of ulexiU, wliich has the lomiiila 
Na2Caj(H40,)3.i8Hj0. Among the oldest sources of boron com- 
jK)unds are the hot springs of Tuscany, where the steam and hot 
water issuing from the ground carry with them small quantities of 
horic acid. HjHOa. but these, though still exploited, are now of small 
ct)mmercia! importance. 

The colcmanite or ulexile is cnished to a fine powder and sliaken 
tn liirgc W(M;dcn vessels witli water through which sulphur dioxide 
is bubbled, or with clihite sulplmric add. The liquid is then 
lUtcred and evajwated by the licnt of the sun, when fairly pure 
boric acid crystallizes out; it can 1 k' purified by recrystallination. 
Alternatively the process may worked in conjunction with the 
sodium nitrate industry. One of the hy-pnxiiicts of this industry 
is s<j(lium hydn)gcn sulphate, aud a solution of this substance may 
l)e l>oiled with tlic finely-crushed ore and wnlcT to produce a boric 
lu’id solution, which i.s evafw^rated hi the manner tdn‘ady described. 
Tlie best (lualities of iilcxitc are cx|M>rled l<i EumiH', where borax 
is made (mm them. 

Elementary Boron.— Boron oxide is a very stable compound the 
refinetion <if which offers great dihicuUies. As piuelieal use has 
been found (or tlie element, the methods of iireparing it have not 
D'ccived much attention, and it is still something ot a chetni(<il 
curiosity. Ani<»rphoiis 1 )oron is obtained by reducing Ihjhc oxide, 
I'jO.,. boron fluoride, BKjj, or prdassiuiu tiuolKirate, KBF^, with 
s(»clium, I'M das shun, or magnesium. 1110 crystalline product pre¬ 
pared by the reduction of boric o.\kle with alinniniuin powder is a 
mixture o( alunnuiiiin l)oride*i. When freed from excess ul ahiminnim 
by ))rolougetl treatment with hydrocldoric acid, amorphous boron 
lesults. Boron of Q2-pcr-cenl purity can lx* prcjKin il bv the electro¬ 
lysis of a mixture of boric oxide, niagncsiimi oxide, and magnesium 
fluoride at iioo'^ in a charcoal cnidblc acting a^ anode, 'fhe cathode 
is made of iron, and the cathode de|x>sit, whicli consists mostly of 
boron, is ground up with hydrochloric acid. A purer varii ty may 
be prepared by striking high-tension alternating sjxarks in a mixture 
<»f boron trichloride vapour and hydrogen, or by exi)osing the same 
mixture to the action of a glowing filament of tantalum. Pure 
crystalline boron has recently been prepared by the last inotliod. 
('rystals develop upon the filament, but as the temperature d<‘es not 
fall, they must be non-conducting. 

Properties. —On account of the dilBcully of prejxarmg the pure 
element, our knowledge of the properties of boron is not very 
precise. It is described as formmg lustrous, dark-coloured, and 
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opa<|uc crystals, which appear to beltmff to the tctra^’ona! svstcm. 
Its density is about 2*3 and it is hard and very brittle. Its melting- 
point is 22<K^^-25oo% and it is a non-conductor of oh'ctncity; in 
this re*s|H'ct it is shaqdy distingnislicd from aluminium and 
resembles carlx»n or silicon, ll is nnnfi<‘ctrd by air. whetlKT drv 
or moist, M ordinary tcinjM*ratim's. but it burns if strongly heated 
in air or oxygen. It W'ill not dissolve in waler, but at a red boat 
it will dec<anp<»se steam or the oxides of cartxai. Among the* 
halogens, only fiiioriiu* at lacks the liemnnt at ordinarv 1em)>eia- 
tnres, but iioron will e^unbiue witli all the halogens on heating, 
and also with sulphur. When stiungly heated in nitrogen or 
ammonia, Ixiron forms 1!ie nitride 15 N, Jloron will md dissi^lve 
in cold dilute acuN or alkalis, but the oxidi7.ing acids react with it. 
and so do fuwd cau.slir alkalis: with Ihcsc the pr<Hlncts nn* hydrogen 
and a lx)rate. It will U* noticed thal in its clieimcal properties boron 
resembles carlxm mor<‘ than any other element. 

Boron Hydrides. Our knowledge <if lliese curunis substances was 
originally due to Sto<*k and his ('(»lln bora tors (iyi2 onwards). They 



Fig. 120. PuKrARATioN of Bokon I 1 yj>ridks 


w'cre obtained, in an ap^Kiratus similar to that ust‘d by the snmc 
investigators for the preparation oi the hydrides of silicon (Fig. 120), 
by the action of exce.ss of 4N Iiydrochloric acid on maguesiiini 
lx»ridc, which is a mixture of several magnesium-boron comjxninds. 
As the mixture of hydrides is sjxintancously inflammable, it must 
bo prepared in an atmosphere of hydrogen, 'fhe gaseous pn>ducts 
of the reaction, mixed with hydrogen, are dried with calcium 
chloride and phosphorus penloxide and passed through a coil cooled 
with liquid air, in which the hydrides of boron collect as a colourless 
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liquid consisting almost entirely of ktrabora}U, After puri¬ 

fication by vacuum distillation at a low lemperataro, it is found to 
troc/e at —112^ and to boil at 17“. It is si>ontaneously inflammable 
jii the air, and with water slowly yields boric acid and hydrogen: 

4^31^0, l-iiHat. 

It IS unstable, and decomposes inti> hydrogen and olluir hydrides 
ikf boron. At 100^ this decomposition is rapid, and yields a mixture 
of hydrogen, dihorane, and other substances. Tlic mixture 

of gases is condensed with liquid air, and clilx>rane cun Iv obtained 
from the prodiK't by fnictiunal distillation. In this original pro- 
a’duro all the dilxiranc an<l mucli of the letrabt>nu>c that may have 
been fonued on a('idi1icalion arc l<*st by r<‘action with water. 
Diboraiu: is obtained iii tlK‘<aetic-al y'^’ld by tlw' l<jllowing means: 
Ui) lithium hydride (p. 435) reiicts with uhnnuuum chloride in ether 
solution to give lilhiiim (tlnmhjnrm hvdriUc: 

4ldH-| AK lj. U.\iH| i jLiCl, 

{h) on addition of boron tricliloride to the st^lutioii diborane results 
Imm the reacthuK 

3LiAlN, I BCI, 211 , 11 , I 3lJ( l.|.3AK I,. 

Diborane is the simjilrsl l>orou hydrkli*, ;ts n<» other has been 
()re] Jared with less than tw'o l>oron at<mis in the molecule 11 
melts at - iCx)*" and tK»ils at ' «S7'’, so that at room temperature 
it is a gas. It is not 'spontaneously inilammable if fnvil from truces 
ot tlie higher hydridt's, but it is dwomi^oscd by water, yielding, 
hke the other liyd rides, bijric aci<l and hydrogim: 

H^Hg-bOlRO^ill^PA-r^lI* t • 

It reacts with the halogens to form first a derivative, such as HulIjBr, 
which then deeom}>oM*s arcording to the equation: 

f 2 l 5 Hr;,. 

With carbon monoxide ur triniethylamine diborane yields respec¬ 
tively the co-ordination e.ompouiuls H^tk-CO and N(CH5)3, 

which contain the horinc radical unknown in the free state. 

The constitution of diborane and of the other hydrides of boron 
is a puzzle nf which no complete explanation has ^et been ad- 
vcuict‘d. Only four of the ]iydn>gen atoms can be replaced to yield 
derivatives of diborane, such as P»2n2(CH3)4: the remamuig two 
atoms api>ear neces.sary to the structure. The iiifi*a-ix?d absorption 
spectrum of diborane is Ix^st interpreted by a pattern of atoms 

and all boranes of known slnicturc ccjntain boron 


H.r> H.f, n 

11.15.^1.H.r* 


linked through hydrogen in a similar way. Tlic detailed nature of 
this linking is a still incompleti'ly solved problem. 

When diborane is licat<^ to a moderate lemjHTatnre. say 120®, 
it slowly decomposes, and Yields a mixture of solid hydrides. 
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The most volatile of these has the fonnula B|qH, 4. It is a crystal¬ 
line substance which melts at and is distinguished from the 
lower hydrides by its stability towards w'ater, on which it floats 
undecomposed. It is decomposed by oxidizing agents. 

The Borides.— These compounds are made by union of the 
elements, or by heating borates or boron oxide with metals, with 
or without other reducing agents, such as carbon. The liigh 
tem))erature of the electric furnace is sometimes required for these 
reactions. The borides resemble the carbides and sdicides. I'hey 
are mostly insoluble in water and unaffected by it, but a few, 
such as the borides of beryllium or magnesium, when treated with 
water yield a mixture of boron hydrides and hydrogen. Carbon 
boride, CB4. vies with the diamond in hardness. 

Oxides of Boron.— The only im|)ortant oxide of boron is the 
irioxide, though it is said that lower oxides have been obtained 
by the action of cold water on m.igncsiutn boride, he. in effect, by 
the hydrolysis of the boron hydrides. 

The trioxide is nsnally prepared by strongly heating boric acid, 
H3RO3, until no more water is driven off. Commercial boric 
acid is seldom very pure, but it cm be purified willjout difficulty 
by several recrystallizatioits. When obtained in this way the 
trioxide is a colourless gla.ssy substance and has no melting-point, 
since it is an tindcrcooliHl liquid. Its boiling-{>oint has not been 
precisely determined, but is known to be high. The glass is hard 
and brittle, but softens on heating. 

Boron trioxidc dissolves in water to form solutions of boric 
acid, H3 BOj, and is a very hygroscopic substance. In moist air 
it takes up water in two stages, the first yielding metaboric acid, 
by the reaction: 

BA+H 30 = 2 HB 0 „ 

and the second ortlioboric acid; 

Boron trioxide is converted to the nitride if strongly heated in 
ammonia gas, but it resists the action of all the halogens except 
fluorine, though it reacts with them if strongly heated in their 
presence with carbon or some other reducing agent. It has already 
been pointed out that the reduction of boron trioxide to boron is 
a matter of great difficulty. 

Boric Acid.—In addition to orihoboric acid, HjBOs, both metaboric 
acid, HBOj, and tetraboric acid, are known in the solid 

state, but in solution they arc converted to the ortho-acid. X-ray 
analysis shows that the metaborates are, e.g., K3B3O3, and the 
existence of the simple add HBO, is doubtful. Borates are known 
derived from a large number of condensed boric acids, but of the 
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acids themselves only these three representatives have been certainly 
isolated. 

Some boric add is derived from the hot springs of Tuscany, 
but by hir the larger projwrtion of the world's production comes 
from the borate deposits of North and South America. In the 
laboratory boric acid is made by adding acids to concentrated solu¬ 
tions of borax (sodium tetraborate), and crystallmng the prenpitate 
from water. Ortlioboric arid is a colourless crystalline solid which 
feels slipj^ery between the fingers. At 100^ or a little over it forms 
the mota-acid, HBO2. at 140” the tetra-add, from 

which borax is <h'rivi*d. 

Boric acid is not very soluble in cold water (aN>ut 50 gm. per 
litre at 15^) but is readily soluble in hot wnier, so it can easily 
bt' purified by recrj’slallizalion. In sr»lntic»n it Ijchaves as a very 
weak monobasic aci<l of dissociation-constant alx>ut 2X 10‘*. This 
monobasic behaviour docs not indicate any difference in the nio<lc 
of attachment of the hyilrc^eu at on is in the molecule, but merely 
a disinclination on the part of any of them to leave it. The acid 
IS soluble in the alcohols, ami yields a fairly constant partitiem- 
ratio between these solvents and water, indicating a feeble dis¬ 
sociation in the water layer and a uniform molecular condition in 
both. Tlie feeble acidity of boric aci <1 makes the titration willi 
caustic alkalis difficult, if not impossible, as the hydrogen ion 
concentration at the erjuivalenccspoint is only It is. how¬ 

ever, found that the addition of glycerol or majinitol to borir 
.Kid greatly increases its dissociation, and in the presence of these 
substances boric acid can be lilraletl to an ond-point in the region 
io*'^-iO“‘* with phenol phi I lalein. It is supposotl that boric acid 
forms complexes, stronger acnls than boric acid, iuid prt)bably 
of a chelate nature, with these hydroxylic comp<mnds (compare 
Hie effect of glycerol on almnina). Boric acid ls too weak to 
tlispUiy the usual acidic properties, but its boiling concentrated 
Si du I ions will liberate carlx)n dioxide from carlwnates. 

Boric acid (sometimes called ' boracic acid '), boron trioxidc, 
and borax are all extensively used in the manufacture of glass. 
The incorporation of these substances in glass raises the refractive 
index, but litharge is more effective in this resp^l, and the effect 
of boron compound.s on the thermal properties is more important, 
The glass is less liable to dcNitrification at high leinp(*ratures and 
has a low coefficient of expansion, so it is less likely tlian other 
kinds to crack on heating, and is used in lamp chimneys and for 
electric-light bulbs. Jena glass and other types specially made 
to resist the action of chemicals also contain boric oxide, which 
increases the resistance to alkalis, though not to acids; it also 
increases the mechanical strength. 
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Boric acid is used as a mild disinfectant and for many other 
purposes. Its use as a preservative of food has been held to be 
harmful and is now regulated by the law. 

Borates.—These salts are derivc<I from a whole scries of condensed 
boric acids. 

Borax, sodium ielrahoraU, NajB^O^.ioHjO, is by far the most 
important of the borates. It is made on a large scale, chiefly in 
France and Belgium, from imjxirtcd coleinanite and ulexite, which 
have been ground and dried in (he counlry of origin. They are 
first washed to remove chlorides, and arc then heated with water, 
sodium carbonate, and sfxlium bicirbonate. Calcium carbonate 
is precipitated, and borax g(H*s into solution; it is precipitated 
from the filtered liquid on cooling, and is purified by another 
crj'stallization. 

When borax is heated it loses water and swells into a voluminous 
spongy form, which on stronger heating is converted to a liquid 
consisting of the anhydrous salt, Na^B^O^. On cooling in the 
absence of moisture this sets to a transparent glass. Fused borax 
has the unusual projXTly of dissolving many of the metallic oxides, 
ofUri with the production of strongly coioured glasses. Tliis is 
made use of in the ‘ l>orax bead * tests of qualitative analysis. 
Borax {usually the powdered anhydrous salt) is fusud in a loop of 
platinum wire and touched with a little of the substance under 
examination: from the colour it is often possible to identify the 
metal. Fused borax is also used, in welding and brazing metals, to 
dissolve any oxides which may form on the surfaces to be joined. 

I.ike all borates, borax is hydrolysed in solution (more than 
2 per cent in M/ioo solution), and has a pronounced alkaline 
reaction. In concentrated solution, with many metallic salts it 
pn)duces j>recipitates of borates, but in very dilute solutions 
hydrolysis reaches a point at which hydroxides oi oxides are 
precipitated: thus with silver nitrate solutions white silver borate 
is produced at ordinary dilutions but brown silver oxide in very 
dilute solutions. 

Perborates ,—Perboric acid itself has not been isolated, but 
perborates, derived from the acid HBO3, arc well known. They 
were first prepared by the treatment of concentrated borate solu¬ 
tions with alktili and hydrogen peroxide, but are now prepared 
either by anodic oxidation of alkaline borate solutions or by treating 
borates with sodium peroxide. 

Sodium perboraU, NaB03.4H.0, is prepared on a fairly large 
scale by electrolysis of solutions of borax and sodium carbonate 
at a low temperature with a platinum anode. It is a colourless 
crystalline compound not very soluble in water (about 25 gm. 
per litre at 15^). The solutions are strong oxidizing agents and 
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lose oxygen on heating. They have an alkaline reaction, and the 
[){•! boric acid produced by hydrolysis appears itself to be hydrolysed 
with the formation of boric acid and hydre^en peroxide, according 
10 the equation: 

HA- 


I he oxidizing powers of perborate solutions arc those of hydrogen 
puroxirle, but sodium perborate hits the advantage of being stable 
iij the solid state and easier to traTiS|)ort, while as compared with 
?.nJiuni peroxide it yields a much less strongly alkaline solution, 
it is accordingly used in dismfeciant prepuraiions, in bleaching, 
aiul in some well-known soap j>owders, though it is said to have a 
• l^hlructive clfccl on clothes. 

Boron nitride, HN, is obtainwl by heating l>oron to a high tern- 
peniiure with lulrogcn or with various nitrogen-containing siil)- 
.■^1 an CCS, or more conveniently by stn^ngly heating Iviric oxide in 
a stream of amnnmui. It is a white [K)wder wfiich, though of 
anior]>ln)Us appearance, c%an be 5hown by the X-ray method to be 
*.lyslullinc, and to have the riyslal structure of graphite (diagram 
p. 8q). Each lw>rfm atom is stirroujKl(*d by three equidistant 
nitrogen atoms, and vice versa. This very cUisc-knit crystal 
slriicturc is in agreement with its ciicmicjd inertness. It molls 
only at u very high lcmj>era1 urc (3000'^) and is resistant to chemical 
attack; thus it is insolu)>le in water and, if it has first been strongly 
heated, is scarcely adccteil even by boiling water. It can be ignited 
in oxygen only at a high lcni|)oratiiro, and is only slowly attacked 
even bv hot coricrntraled acids, with the fonnaiioii of boric acid 
and ammonium s;ilts. 

Bukon llALtOEB.—Thew: arc colourless compounds which much 
resemble each other in chemical jirojicrties, though the tluoricit* 
and, to a less degree, the Uxlide have some peculiarities, From tlie 
list of their melting- and lx>iling-jxnnts it will lx.* seen that at 
ordinary temperature the fluoride Ls a gas, the chloride and bromide 
liquids, and the iodide a solid. In vnew of the formulae of the 

nur, /f/, 

Melting-point — 1 . 47 " — lo/** — p** 

Boiling-point ^101 n* oi* 

hydrides of boron, it is inteiestiiig to note that the halides liavc a 
vapour density corresponding with the simple fonnula BX^. They 
arc all hydro!vsed by water, the first products being boric acid 
and hydrogen halide, and all except the iodide consequently fume 
ii\ moist air. They are purely covalent c:ompounds. 

Boron trifluoride, BF3, is prepared by heating boric oxide with 
concentrated sulphuric acid and a fluoride, usually cryolite, 
AlF3.3NaF. It is a colourless gas with a pungent smell, and will 
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not burn; like all the halides of boron it readily forms additive 
compound-^ with anununia and other donor substances. The com- 
])()und BF3.NH5 is a wliite solid, stable in the absence of moisture: 
it can be sublimed uncliangcd. 

lioron triHuoride is exceedingly soluble in water. Its concen¬ 
trated solutions are viscous liquids supposed to contain JIuoboric 
acid, HHF4, formed by the union of boron trifluoride with the 
hydrogen fluoride produced by hydnJysis, since with bases fluo- 
borates of the metals can be obtained from them. Like hydro¬ 
fluoric acid, fluoboric acid attacks glass, and must be kept in 
rublxif or wax vessels. Solutions of the acid can be more easily 
prepared by dissolving boron trioxidc in hydrofluoric acid. 

The fluoborates are stable amipounds which on strong heating 
yield boron trifluoride and a fluoride of the metal. Fluolx)ric acid, 
unlike (oxy-)boric acid, is a strong <’lcctrolytc. since solutions of its 
salts are very little hydrolyscxl and do not attack glass. They arc 
mostly soluble in water, but potafisiuni fHoborate, KBF4, is only 
slightly soluble, and is precipitated as a colourless crystalline sub¬ 
stance when solutions of the acid are mixed with solutions of ])()ta5- 
sium salts. The insolubility of this salt is another feature of the 
strong rcsemblaticc between fluoboric and fluosilicic acids. 

Boron tricbloride, BCIj. is made by union of the elements, or 
more easily by passing chlorine over a strongly heated n)i.\turc ot 
lx>ric oxide and carbon, and collecting the product in a receiver 
a>oled by a freezing-mixture. The trichloride is purified by 
frac tionIII distillati<>11. It forms ^dditive compounds wi llj an 1 monia, 
phosphine, phosplioryl chloride, nitresyi chloride, and other 
substances. 

Boron tribromidet BBr,, resembles the chloride in its methods of 
preparation and in its properties, though it is much less volatile. 

Boron tri-iodide, BI3. is prepared by strongly heating boron in 
a current of hydrogen io^de. The product, w'liich distils, is 
freed from iodine by dissolving it in ciirbon disulphide and shaking 
with mercury. Unlike the other halidt^s, it will burn if strongly 
heated in air or oxygen, liberating iodine and leaving the oxide. 
'11 le cr^'stals are very hygroscopic and are decomposed by water, 
but will dissolve uncliangcd in carl)on tctradiloride or benzene. 

Boron sulphide, B2S3, is obtained by heating boron in hydrogen 
sulphide, or by heating Imric oxide and carbon in the vapour of 
carbon disulphide. It is a colourless solid which melts at 3T0® 
and bums when heated in oxygen. It reacts violently with water, 
forming hydrogen sulphide and boric acid. 

Boron solphatet. —By the interaction of boric and sulphuric 
acids or their anhydrides, various substances have been prepared 
which by the action of water yield boric and sulphuric acids. Thus 
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when boric acid and sulpliur trioxide are mixed, and the product 
is heated to 100®, boron hydrogen sulphate, BH51(504)5, is obtained 
as a colourless hygroscopic solid melting at 215®: 

HaB05+3S05=BH3(S04)3. 

Boron phosphate, BPO4, is obtained by boiling boric and phos- 
plioric acids together and evaj)orating to dryness: 

H5C0a+H3p04=«BP04+3H50 f. 

Ft is a colourless solid with a high melting-point which is insoluble 
m water and chemically unchanged even by Ixuliug W'uter, but it 
IS decomposed by hot concentrated caustic idkolis. 


Aluminium 

A1s=26*97. a iofnic Number, 13 

History.-~The word * alum * is derived honi the Latin alumen, 
'a nuneral salt with an astringent taste*—probably crude 
aluminium sulphate contvnminafc<l with various impurities, Stahj. 
(1702) believed the basis cjf alum to l)e a distinct calcareous * earth/ 
an opinion cr'nlinned by Pon* in 174O. Makc<;kak (1754) obtnineil 
alumina from day. and showed that, while an 'earth/ it was not 
rulcareous, but rather like silica. In 17K2 J.avoisikr .suggested 
lliat alumina was a metallic oxide, and in 1S24 Okustkd da lined to 
have isolated metallic aluniinium by the action of jwilassiurn 
amalgam on aluminium rhioriile. TJik'C years latiT (1S27) Worn .hr 
abtlimed the metal, in the ff‘rm of a grey jiuwder, by heating the 
chloride with metallic potassium. 

Occurrence and Extraction.- Of all elrments, aluminium is 
believed to be the third in onler of abundance, being preceded 
only by oxygen and silicon, and is the must abundant of the 
metals. A large proportion occurs in the form of aluminosilicates. 
I'omplcx and very refractorj' sulwlances which cannot at resent 
be profitably used for its manufacture. From this point of view 
the onlv important ores arc banxife, a hydrated oxide, AliOg.chbO, 
always assuciatefl with ferric oxide and silica, and to a loss degree 
cryolite, 3NaF.AlF5, found in Greenland, where it is said to be used 
by the Eskimos for snuff. The principal dej>osits of bauxite are 
in the south of France, South America, U.S.A., Irelaml, and Hungary. 

For the manufacture of aluminium the bauxite must he purified. 
It is heated with caustic soda solution under pressure, when the alu¬ 
minium oxide dissolves as an aluminate while the impurities remain 
undissolved: 


Al, 05 -b 20 ir--= 2 A 10 ,'-l-H, 0 . 
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The solution is Altered and pure hydrated aluminium hydroxide 
piecipitatcd from it cither by carbon dk»xide or by the addition of 
a lit tin i)f Hie crystalline hydroxide itself. The possibility (‘f 
carrying out Hits remarkable proc#*ss is attributed to the slow 
spontaneous formation of more condensed and less soluble forms 
<3f the hydroxide, the precipitation of which is assisted by sociling 
with fnc crystalline sulWlanre, 

Aluminium, like the alkali-metals, is too electrojxjsitivc to be 
nuule l>v electrolysis of its aqueous solutions, and is manufactured 
on a very large scale by the electrolysis of bauxite dissolved in 



molten cryolite. Since scxlium is much more electropositive than 
aluminium, there is no danger that serfium will l>e found in the 
product, but on the other hand any iron present in the bauxite as 
an impurity will !■« deposited at the cathode. Purr bauxite must 
therefore be us<*d. It reaches the aluminium works as a fine white 
powder that can be forced through pipes like a liquid, and is 
delivered in this way to the electrolytic furnaces. These furnaces 
work at 5*5 volts. The anodes consist of carbon blocks, made 
from gas carbon and pitch pressed together in a mould, and are 
held in ir(m sockets. Thev are slowly attacked by the oxygen 
evolved at the anode, and last alxtut ten days. 'ITie cathodes 
are made of cast iron. The aluminium alloys with them, and they 
are periodical I v removed an<l sold to iron foundries as ' deoxidizing 
scrap.* The furnaces are tapped about twice a week; the molten 
aluminium is run into a bucket conveyor an<l carried to the refining 
furnaces as rapidly as possible, since molten aluminium is readily 
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oxidized by the air. Here it is kept liquid while heavy impurities 
sink to the bottom as a slag. The oxide is then skimmed from the 
top and the metal run into moulds. It contains a little iron as 
impurity. 

The manufacture of a kilc^am of aluminium by this process 
requires about 25 kilowatt-hours; a cheap supply of electricity is 
therefore essential, and to avoid transmission losses aluminium 
works arc usually situated near water-power which ran be converted 
to electricity. The largest aluminium undertaking in the British 
Isles is the British Aluminium Comixiny at Kinlochlevcn, in 
Scotland, whene abundant water-power from 13 cu Nevis is available. 
'I hcse works sapplie<l all the aluminium high-tension cables required 
uy the ' gnd ' electricity supply scheme. 

The rise of the aluminium industry is one of the romances 0/ 
nidustrird chemistry. In itkio, when aluminium was produced 
by rotluclion of its compounds with sodium, the metal cost some 
forty shillings a pemnd. In 1886 Hall in America introduced the 
tnodern electrolytic process, an<l pru<luction increased at such a 
rate that by 3805 the price per pound had sunk to is. jrf. 'J he 
ilcvelopmcnt of the light ahiminiuni alloys and their modern uses 
m aircraft, muchinery, housing, und mela! articles of all kinds has 
led to a further great ex^xinsion in the industry, and jjroduction now 
roachover 3oo,o<)() Ions per annum. 

Properties. —Aluminium is a silvery-white metal with a density 
of 27, It melts at 659*^ and l>oils in the absence of air at about 
i>'00®. The hardness of the metal depends on the treatment to 
which it has been subjected; at lemjieratures not far below the 
nielliijg-pc^int aluminium becomes brittle and may be powdered. 
It is an excellent conductor of electricity and is now widely used 
for that purpose in place i)f the more expensive clipper. 

In air at ordinary temperatures aluminium becomes coated with 
a thin film of oxide W'liich tarnishes it. If strongly heated in air 
or oxygen the metal bums, forming oxide with traces of nitride, 
and the molten metal is rapidly oxidized in the air. The amal- 
f^arnated metal is also rapidly oxidized, and a strip of foil treated 
in this way and exposed to the air soon Ix'comcs too hot to hold, 
w'hile flecks of the oxide aj)poar on its surface, 'I’he formation of 
an oxide lilm prevents aJuminiuni from dis.solvirig in water, even 
though its standard electrode potential is about — id)0 volts, but 
quite small traces of certain impurities cither in the aluminium or 
ill (he water allow the action to proceed slowly, e&jjeciHlly on 
boiling. The hydrogen ion concentration even of solutions of 
ammonium salts of .strong acids is sufficient to prevent the formation 
uf an oxide film and to allow the dissolution of (he metal. 

Aluminium dissolves readily in acids if measures are taken to 
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keep the surface cleeir. Hydrochloric acid dissolves it under all 
conditions, but dilute sulphuric acid is nearly without action, as a 
film, perliaps of hydrogen or pcrhai)s of a basic sulphate, is formed 
on the surface. This film can be removed by boiling, and the 
metal liberates hydrogen from hot (lilutc sulphuric acid, and 
sulphur dioxide from the hot concentrated acid. In nitric acid 
of all concentrations the metal readily assumes the passive 
state, and aluminium containers are used for the transport of this 
substance. 

Aluminium vigorously liberates hydrogen from alkaline solutions. 
The cause of this reaction is the formation of an aluminate: 

2AI+20H'+2H^0=^2A10j'+ 3H, t • 

The hydroxyl ion concentration of sodium carbonate solutions is 
fully sufficient for the reaction to take place. 

Aluminium is a reactive element that readily unites with all 
the halogens and can easily be oxidised. Combination with the 
halogens takes place at room temperature or on gentle heating, and 
when once started proceeds with incandescence. A dry mixture 
of aluminium (K>wder and iodine is comparatively stable, but if 
a drop of water is added it inflames with the ])roduction of n 
purple cloud of iodine vapour. With hydrogen chloride, alu- 
nnuium pmciucos aluminium chloride and hydrogen even at room 
tern j>era lure. 

In the pure state or in alloys aluminium is now used in large 
quantities for constructional work, cooking utensils, electric cables, 
aircraft, and in all machinery where lightness and strength are 
required, e.g. in motor cars. 'Hie welding of the metal is difficult 
on account of the case with which it oxidizes on heating, and it is 
usually more satisfactory to replace the damaged part. The two 
most important alloys of the metal are duralumin (about 95 per 
cent Al, 4 per cent Cu, 0*5 per cent Mg, 0-5 per cent Mn) and mag- 
nalium (aluminium with i or 2 per cent each of magnesium, 
cop|>er, and nickel). Aluminium is also used as a deoxidizer in 
the manufacture of steel. 

An interesting process has been devised by which aluminium 
can be coated with a permanent and resistant film of oxide. The 
article to be coated is made the anode in a bath containing chromic 
acid. It rapidiv becomes covered with an invisible but tenacious 
coating, and a high voltage is needed to pass the current. Certain 
dyes can be incorporated in the coating by simply adding them to 
the bath, and the articles produced in this way can be given a dull 
polish. 

There are several important uses of aluminium powder. The 
heat of combustion of aluminium is high, some 400,000 calories 
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per gram-atom, and its great affinity for oxygen has important 
applications. In a recently invented blowpipe a stream of the 
powder is burned in a current of oxygen, the resulting temperature 
exceeding that of the oxj'-bydrogen blowpipe. The use of the 
powder as a reducing agent on the large scale Ls. however, of much 
earlier introduction, and is due to Goldschmidt, whose process 
for the manufacture of metals 
whose oxide.s are difficult to 
I educe is still in use. In the 
process this metal oxide is 
mixed with aluminium pow<lcr 
m a large crucible, usually 
])laccd inside another crucible 
packed with sand in case the 
first should crack. The mix¬ 
ture is hred by a fuse of alu¬ 
minium powder and barium 
peroxide, which becomes in¬ 
candescent when itself ignited 
by a burning magnesium 
ribbon, and starts ihe mam 
reaction. I'hc heat developed 
is enough to melt the wljole contents of the crucible, and a lump of 
the meUl, often in a state of high purity, collects at the bottom. 
Thus with chromium the reaction is: 


Aluminium and. 
•Uarium peroxlda 



Rlbboiv 




uimnutm 


Al _ 

powder and . 

mcf.d oiitd<* -T-.* 






Fic Xit. Ooi^nsciiMini's 


2 AIhCr 30 a—Al 205 -b 2 Cr, 

and the product has a purity of 98 to 99 per cent. Metals prepared 
in this way are free from carbon, and this is often an important 
advantage. 

A mixture of aluminium powder and ferric oxide is used under 
\ he name thermit as a source of heat. Wlicn once begun the reaction 
takes place very rapidly, and the temperature produced under 
favourable conditions is said to exceed that of the electric furnace. 
ITiermit is used for remclting metal in foundries and for welding 
pipes or rails together; these arc simply surrounded by thermit, 
which is then fired ;md melts them together. 

The explosive ammonal consists of ammonium nitrate and 
aluminium powder. It must be fired by a detonator. 

Powdered aluminium is the basis of the S0H:alled ' silver ' paint 
now often used for coating radiators and other metal-work. 

Alomiiuiiin oxide, Al^O^, and hydroxide.—This substance occurs 
native, not only in the hydrated form as bauxite, but also anhydrous 
as corundum. Many gems, among them sapphires, rubies, and 
oriental amethysts, consist of aluminium oxide coloured by traces 
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of oxides of other metals. Artificial rubies have been made by 
fusing aluminium oxide in the blowpipe with the addition of a little 
chromic oxide: the product can be distinguished from a natural 
T\x\yy only by examination under a microscope, which reveals 
fine bubbles of air in the synthetic material. 

The name alumina is given to the oxi<le. Its preparation on 
the commercial scale has be<*n briefly described. In the laboratory 
it may be made by heating pure aluminium sulphate to a high 
temperature with anhydrous sodium carbonate and washing the 
sodium sulphate from the cooled product. It is a col<jnrloss soli<l, 
which can be obtained in the crj’slallinc form, and melts at about 
2000®. When strongly hcnlc<L the oxide suffers an internal change 
and is no longer hygroscopic. It is very stable at all tcmj>eratures. 
and must be heated verj' strongly indeed—e.g. with the oxy- 
hydrogen blowpipe—l»cf<»re it can l)e reduced with J^ydrogen. It 
dissolves only slowly in acids or alkalis, whether in solution or fused. 
Under the name of alundum, ihc (used oxide has been used in the 
manufacture of refractory crucibles. Alumina in a finely divided 
state is the most popular adsorbent in chromatographic analysis 
(soc T. 1 . Williams, An Introduction to Chromalof*raphy, 104b). 

'Ihc monohydrale, Al^Oj-HjO, is known as diaspore, the tri- 
hydrate, AljO^.sHjO, as gibbfiiie\ they both occur in nature. 
By the addition of alkaline solutions to solutions of aluminium 
sails a gelatinous precipitate is thrown down which consists of the 
oxide, or hydroxide. ass<eclated with varying amounts of water. 
It must be strongly heated before all the water is ex]>cllcd. When 
freshly precipitated it is freely soluble in acids, with the formation 
of aluminium salts, but after it has been kepi for some time it 
grows insoluble. X-ray examination shows that this change in 
the solubility is accompanied by a change in the crj^stal structure. 
The gel very readily absorbs substances from solution, and tliese 
cannot easily be removed by washing. It has been used in water 
purification: a precipitate of the hydroxide is produced in I lie 
water by the addition of alum and lime, and this carries down with 
it any floating impurities. 

Aluminium hydroxide is soluble in solutions of sugar, glycomh 
and many other hydroxy lie organic compounds, with which it 
probably forms complexes of a chelate type, and it cannot bo 
precipitated by alkalis from aluminium solutions in which these 
substances are present in sufficient concentration. It is an)phot eric 
and dissolves in acids to fonn aluminium salts and in bases to form 
ahiminates: 

Al * H- 30 H'?iAl{ 0 H) 3 ?^H H-AlOg'fHA 

The acidic properties of the hydroxide are very weak, and the 
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aluminates are much hydrolysed. Host of the available evidence 
points to a formula AlO^' for the aluminate ion, and each gram- 
molecule of sodium or potassium hydroxide will bring approximately 
one gram-molecule of aluminium hydroxide into solution, in 
accordance with the equation: 

AI(OH)j+OH'^.AIO.' j-2ir-0. 

But the aluminates cun exist only in alkaline solutions, as otherwise 
aluminium hydroxide is precipitated, and oven carl)on dioxide 
reduces the hydroxyl ion concentration of the solution enough to 
bring this about. 

In the solid .state the aluminates of the alkali-metals can be 
prepared by fusing aluminium oxide with caustic alkali, or by 
vacuum evaporation of the solutions obtained either in the manner 
already dcscTibcd, or by dissolving aluminium in a<iutous caustic 
alkalis. They are colourless solids with formulae sucli as NaAlO^, 
and various hydrates can be prepared. The hydrolysis of aluminate 
solutions is a slow reaction, and is also complicated by the molecular 
change in the hydroxide which has already been alluded to. 

In several so-called aluminates, e.g. spinel, MgAlgO^, there is a 
lattice ciimposed of the simple ions Mg**, Al ", and O*. 

Aluminium peroxide.—T 5 y the action of hydrogen ])croxide (»n 
aluminate solutions a colourless predpitute is produced which has 
oxidizing projxTties, and which in addition \<> alununium sesquioxidc 
and water is believed to contain an aluminium jjcroxide, Alg04. 

Aluminium nitride, AIN, is prepared by heating aluminium to 
8(^0® or over in nitrogen, or a mixture of alumina and carbon may 
be substituted for the metal. It is a yellow crystalline substance 
which melts with some deconi|)osition at 2200^: it will not conduct 
electricity. It is unaffected by hydrogen and must be strongly 
heated in oxygen or air before any action takes place. With water 
it yields alumina and ammonia: 

AIN+3IIP Al(OU);,-(-Nir3, 

and the manufacture of ammonia from bauxite, coke, and nitrogen 
was the basis of the now obsolete Sekpek process for nitrogen 
fixation. The pure alumina produced was used in the manufacture 
of alumuiium. 

Almninium carbonate. —As might be expected, I he addition of 
carbonate solutions to solutions of aluminium sails precipitates 
not the carbonate, which is unknown, but the insoluble and weakly 
basic hydroxide. 

Ai.uminium Halides. —AU these compounds can be made by 
union of the elements. The conflicting tendencies of aluminium 
to form eloctrovalenl and covalent compounds are well brought 
8 
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out in this series of compounds, for while the fluoride has a high 
melting-point and is unaffected by water, the other lialidcs are 
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comparatively volatile substances easily hydrolysed. Like other 
elements, aluminium most readily forms complex ions with the 
fluorides, and it is interesting to note that whereas the fluoborate 
ion is EF/, the fluoaluminate is AIF,.'"; this is a confirmation of 
the known rule of the covalency maximum. All the aluminium 
halides readily form addition compounds with donor substances. 
'I’he fluoride is unaffected by heating in air, while the iodide bums 
and the chloride and bromide show an intermediate behaviour. 
Solutions of all the halides except the fluoride tiave a considerable 
conductivity from liydrolysis, but the halide molecules appear not to 
be greatly dissociated, and their covalent character is further shown 
by their solubility in such solvents as benzene or carbon disulphide. 

Al uminium fluoride, AIF 9 , is usually prepared by healing 
aluminium sulphate with sodium fluoride and extracting the product 
with water. It is a colourless solid, chemically inert and unaffected 
by acids and alkalis, but hydrolysed by lieating in steam. A 
number of hydrates have been described, some soluble in water 
and some insoluble. The fiuoalutninaks are obtained by the 
addition of fluorides to aluminium fluoride. Tlie flnoaluminates 
t)f the alkali-metaU or ammonium are only slightly snlnhle in 
water, and sodium fiuoaluminaic, Na^AlFi, which occurs in Green¬ 
land as the mineral cryoliU, is of commercial importance. It is 
j>reci})itatcd when sodium solutions are added to a solution of 
aluminium hydroxide in excess of hydrofluoric acid, and is a stabU^ 
crystalline substance melting at about looo'* and almost insoluble 
in water. 

Aluzoiniuni chloride, AlCl,, is a compound of some importance 
in the laboratory on account of its use in organic syntheses. Before 
metallic aluminium was available in quantity, the chloride was 
usually prepared by the method invented by Oersted, and still 
much used for the preparation of the chlorides of those metals, 
such as zirconium, which cannot easily be procured in the elemen¬ 
tary state. In this metliod a mixture of the oxide with carbon is 
strongly heated in a current of chlorine: 

AlA f-3^43Clt='3CO | 2 AICI 3 . 

It is now more usual to pass hydrogen chloride or chlorine over 
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Ihe heated metal in an apparatus such as that shown in the diagram. 
As the product is attacked by water, the stream of gas must be 
carefully dried, and to avoid excessive exposure to the atmo?phere 
the chloride is usually collected in the bottle in which it is to be 
kept. A wide tube must be used to prevent blockage. If necessary, 
the chloride can be purified by sublimation in a current of dry 
hydrogen or nitrogen. 

Aluminium chloride forms colourless and very deliquescent 
crystals which sublime on heating, but by rapid heating they can 
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lx* converted to a liqnhl boiling at 183^. The vapour density fit 
Icnipcralures near the l)oiliug-point correspond? with a formula 
Ak^CI^,, but at higher temporalnres dissociation into siiiijilc molecules 
takes place. In an indiflcront solvent surh as carbon disulphide. 
aUuuiniuni chloride is iH>iymenzfd l<» double molecules, but in 
donor solvents like water, with which it is probably combined, 
crvuscopic measurements lead to the simple molccnlai weight. 

The constitution of llu* double molecule is 

Cl Cl Cl 

\ / / 

Al Al 

/ ^ / \ 

C) Cl Cl 

Aluminium chloride is hydrolysed by steam, and when healed 
in the air yields either an oxide or an oxychloride. It lorms 
addition-c')mpounds with many donor sul>stances, among them 
ammonia and ammonium salts, phosphine, carbonyl chloride, and 
certain hydrocarbons such as benzene. The compounds with 
ammonia are extremely stable, and that with the formula 
AICI3.NH8 has a vapour pressure of only 100 mm. at more than 
700^ Aluminium chloride is used as a catal^^ in cracking petroleum. 

The chloride is extremely soluble in water, and at room tern* 
perature (15®) lOo gm. oi a saturated solution contain more 
than 40 gm. of it. The solutions are little dissociated and much 





538 THEORETICAL AND INORGANIC CHEMISTRY 

hydrolysed, the hydrolysis reaching nearly 30 per cent in a fiftieth- 
molar solution at room temperature. The hydrolysis is, however, 
less than that of ferric chloride solutions in similar circumstances. 
Evaporation of the aqueous solutions yields the hydroxide mLxed 
with the chloride or perhaps with oxychlorides, but various hydrates 
of aluminium chloride can be prepared by careful evaporation of 
its solutions in hydrocliloric acid. Unlike the anhydrous salt, 
these hydrates will not dissolve in such solvents as benzene. 

Aluminium bromide, AlBr^, is prepared by the action of bromine 
vapour on hot aluminium. If liquid bromine is used the action is 
inconveniently violent, and the heat dcvc1oj>ed is sufficient to 
melt the metal. Ihc i>romide is purified by distillalian, and is a 
colourless solid rcs^^mbling the chloride in its pri»i)ertics: like the 
chloride, it exists in double molecules in the vapour state and in 
inert scilvents. It is crKily converted to oxide by heating in the air. 

Aluminium iodide, AIT(, is prepared by the action of excess of 
aluminium on iodine, followed l>y strong heating to expel any 
unchanged halogen. 1*hc reaction, winch is accompanied by 
incandescence, proceeds spontaneously at room temperature if a 
drop of water is added to the mixture. The heat developed is 
then sufficient to volatilize the iodide, which bums m the air with 
a rod flame, forming aluminium oxide and iodine. The iodide is 
hydrolysed by water. 

Aluminium sulphide, AI^Sj.—It was a successful attempt to 
prepare alumitiium sulphide by the action of aluminium powder on 
lead sulphide at a Jiigli tcmjicruturc that le<\ GciLDRCUMioT to the 
invention of the process for the reduction of metallic oxides and 
sulphides w'lncli now bears his name. The coinp<iund can be pre¬ 
pared by mixing the jwwdcrcd elemenls in the correct pioportions 
and starting the reaction witli burning magnesium ribbon; combina¬ 
tion I ben lakes place with the development of great heat. The 
sulphide can be purified by snbliination at a very high temperature 
(1500®) in an inert atmosphere. It is a colourless solid melt ing at 
1100®, and is rlccom|X)sed by water, so that it cannot be pn^cipitated 
from aluminium solutions, which aix‘ unaffected by hj^drogen 
sulphide and pix'cipitate aluminium hydroxide when treated with 
ammonium sulphide. The action with water, which takes place 
according to the equation: 

AI,S,+bH, 0 = 2 Al( 0 H), I +3II.S t, 

has been used for the prei)aration of pure hydrogen sulphide. Not 
all the sulpliides of weak insoluble ba.ses are decomposed by water; 
for Ibis reaction to take place it is essential that the sulphide 
should be slightly soluble. 

Aluzniniuzn sulphate, A 1,(804)3. prepared on the large scale 
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from bauxite by dissolving in sulphuric acid the pure hydrated 
.tiuininium oxide which can be obtained from this mineral. 
Numerous hydrates are known, of which the most important is 
the substance Al^(S04)3.i8Hj0, which separates from the aqueous 
solutions. The sulphate is very soluble in water. If strongly healed, 
e g. to 750®. the .sulphate loses sulphur trioxidc and leaves the oxide. 

Aluminium sulphate is used in sizing pajwr, tanning leather, 
waterproofing cloth, and as a mordant in dyeing wool or cotton. 
For these pur{x>scs the alums are also frequently employed. The 
alums are double sulphates such as K3SO4.Al3{SO4).vZ4Hjj0, a salt 
lo whidi the name polussium alum, or simply is given. The 
univalent metal can be any of the alkali-metals, ammonium, or 
thallium, and the tervalent metal aluminium, gallium, indium, 
titanium, vanadium, chromium, manganese, iron, cobalt, rhodium, 
or iridium, while Ihc sulphur can be replaced by selenium. For a 
substance to called an oluin, it need not necessarily coni am 
ahuuiutum. The alums arc double salts, and in their solutions arc 
decomposed into tlieir consiiluont ions without any apparent 
format ion of complc.xcs. 

l*olassiufH alunthuum sulphate, * alum,* KjjSO^.ALiSO4)3.241*1^0, 
la precipitated when mixe<l cimcentraliHl .solulums oi potassium 
aiul aluminium sulphates arc c(K>led. Tliis process is can icd out 
on a commercial siuile, and alum is <ds<i obtained from a basic 
sulphate alunite, which is found at Civila Vecchia, in Italy, and 
has been used for centuries as a source of alum. This is heated, 
crus.lied, cxjxjsed to (ho air, and extractwith waler; alum can 
I hen be obtained bv coua^ntrating the srdution. When strongly 
iie.ilcd, alum loses water and falls lo a friable mx$s of the dehydrated 
double suit, called ' burnt alum.* 

One hundred grains of Unling water dissulve about 300 gm. 
of alum, but little more than one-liundrctUh part of tins weiglit 
at 0° C. Alum can tlierefore very easily be purified by recrystal- 
lixiitiou. As tbc absence of iron is important hi aluminium ct>m- 
pounds which are to be used as mordants, alum is for this purpose 
often preferred to aluminiunr sulphate, which is not so easily 
purified. It is also use<l in tanning leather. 

Aluminium nitrate, Al(NO. 03 » can be prepared in solution by 
dissolving aluminium hydroxide in nitric acid. By evai*H)ration 
of the solution in the prestmre of excess of nitric acid to prevent 
hydrolysis, the hydrate A1{N03)3.9H20 is obtained, and others 
.'ire known. The salt is soluble in alcohol and acetone as well as 
in water. It readily decomjxises on heating, and the anhydrous 
salt has not yet been prepared. 

Aluminium phosphates.—Several of these salts are found native 
in varying degrees of purity, and they can also be prepared by 
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precipitation, as they are all insoluble in water. Minerals containing 
phosphates of aluminium are usually acted on only slowly by acids, 
and arc best brought into solution by first fusing tlieni with sodium 
carbonate and then adding add to the cold mixture. 

Aluminium silicates and the alummosilicates.—C/n*na clay, or 
kaolin, is an impure silicate of aluminium, and complex alumiiKi- 
silicatcs of the alkali- and alkaline-eurth mclals occur in nature: 
they are called :.cohlcs. Similar substances, prc]>arcd by fusing 
china clay with sot hum or potassium carbonate and sand, have in 
recent years attained considerable practical importance under the 
name of petmtiites, and arc further distinguished as sodium per- 
inulite, calcium permutite, and so on, according to the nature of 
the alkali- or alkaline-earth metal which they contain. They are 
porous substances practically insoluble in water, but with the power 
of exchanging the cation with that of a salt solution in which they 
are placed. Thus if a solution of a calcium salt is i>ourcd through 
a layer of sodium permutite, the calcium is replaced by sodium in 
the solution and itself remains in the jicrmutite: 

2Na permutite+Ca'*; >2Na'-| Ca permutite. 

As the reaction is perfectly reversible, the sodium permutite can 
be recovered by pouring a concentrated solution of brine through 
the calcium permutite pro<luccd. This is the basis of an important 
process for softening waler by removal of the calcium and mag¬ 
nesium salts. Soluble carbonates can also bo removed from water 
by filtration through ccdcium permutite, which leaves a dejn^sit of 
calcium carbonate on the permutite. 


Subgroup A 

Scandium, Yttrium, Lanthanum, and thh Rare Earth Metals 

Scandium 

Sc*-44*96. Atomic Number, 21 

History and Occurrence.—This element was discovered by Nilson 
in 1879. Its properties were found to correspond closely with 
those attributed by Mendeleeff to an clement undiscovered at 
the time of his description of it. Although widely distributed in 
small quantities, scandium is a scarce element, and usually occurs 
in association with the rare earths. A mineral thortveitiU is. how¬ 
ever, known that consists essentially of scandium silicate. 

For the separation of scandium from the rare earths and thorium 
special methods have been worked out which cannot be described 
here. In some processes the element is precipitated as the fluoride, 
in others as scandium ammonium tartrate, and many further 
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processes have liecn devised. Neither scandium nor its compounds 
are of any commercial importance. 

Properties.—In its compounds scandium somewhat resembles 
l>eryIlium, but it is uniformly tervalent. The. hydroxide is a 
stronger base than aluminium hydroxide, but weaker than tlie 
hydroxides of the rare earths. It is distinguislicd from aluminium 
hydroxide by its lack of am pilot eric properties, as shown by its 
insolubility in caustic alkaline solutions, but, unlike the hydroxides 
i f the rare earths, cun be precipitalecl by the a<klition of sodium 
thiosulphate solutions, which arc feebly alkaline through hydrolysis. 
'Ihis is made use of in one process for the separation of scandium 
from these element.^. Sk:andium hydroxide is not so weak a base 
that scandium carbonate cannot be precipitated from solution— 
another distinct ion from aluniininm—but scandium sulphide, like 
aluminium .sulphide, is dccompo.^id by water, at any rate on boiling. 
Tlio halides of scandium are more sail-like than those of aluminium, 
they arc less hydrolysed in solution, and arc mucli less volatile. 
All these projXTtics arc w'hat would be expected from the position 
of scandium in the periodic table, 

The pro[xirties of the metal have not been closely investigated, 
but 1200® is given as the melting-point. 

Scandium fluoride. ScFj, is prepared by the action of hydrofluoric 
acid on sciiudiiim hydroxide, and much resembles the fluoride of alu- 
uiinium. It is a very stable substance only sligliUy soluble in water, 
but freely soluble in jwlutions ol fluorides, provided that the lluoridu 
Kin concentration has not been rciluml by the «a<ldition of acids. 
These solutions contain Jluoscandaivs, yiekling the ion ScF^'", and 
stable in the solid state. The complex is (airly stable, since, ammonia 
will not precipitate scandium hydroxide from fluosciindatc solu¬ 
tions. The fluoscandates ol nmnuminm and the alkali-metals differ 
from the fluoaluminalc by their inndi greater solubility in water. 

Scandium chloride, SeCI;,, is obtained by the action of a mixture 
of chlorine and sulphur monochloride on hot scandium oxide. It 
is a colourless solid whicli melts at 939® and begins to sublime 
somewhere over 800®, so it is much less volatile than aluminium 
chloride. Its solutions are less hydrolysed than those of aluminium 
chloride, and it will not dtssolvc in alcohol. 

Scandium mlphate, Sc«(S04)9, can he obtained in solution by 
dissolving the hydroxide in dilute sulphuric acid, and crystallizes 
from these solutions as the hexahydraie Sc^fSO4)3.6! 1^0, which can 
l>e dehydrated by heating. As some iiydrolysis takes place, it is 
best to carry out the heating with a little sulphuric acid. 

Scandium carbonate, ^04(004)3, can bo precipitated from scandium 
solutions as the hydrate If this substance is 

gently heated it loses carl>on dio.xide as well as water. 
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Tsiii Rake Earth Elemenis 


This term is applied to the elements of atomic numbers 57 to 71 
inclusive, as follosvs: 


57 I.a Lanthanum 
5.H ( c* Cerium 
.^0 I'r lYascodymuim 
ho Nd Hcodymjnm 
61 )‘m l^romKhiuin 


62 Sm Samarium 
(>3 ]£q Ruropniin 
61 G <1 Gadolinium 
i>5 Tb Terbium 
Uy Dy^rosnitn 


67 Ho ilolmium 
6H Kr Erbium 
(ai fm Thuham 

70 Yb Ytterbium 

71 Uu Lutctium 


a*" well as to the remaining members of Group HI, Subgroup A, 
'.V), Y, Yttrium, and, more rarely. 21, Sc, Scandium. The two 
iast members of Group IV, Subgroup A, namely, 72, Hf, Hafnium, 
and f)0, Til, Thorium, arc also sometimes included, but with less 
justification, Tlicsc elements will Ix^ amsidered with the elements 
(){ Group IV, and so will cerium, as it possesses features winch 
distinguish it from the rare earths—notably a stable valency of 
four, feebly marked with prasecdymiiim and neodymium, but 
unknown in tfie rest of the group. 

Die elements of the rare earths arc all tervalent. and have similar 
but not identical properties. Diey tlicrcfore occupy a poculiur 
position in the periodic table, since most elements are sharply 
distinguished in properties from their neighbours to the right and 
loft. This peculiarity is reproduced, though more f.aintly, in the 
transition dements, and the same explanation has been advantvd 
lor both (p. 348), namely that the cle<‘lroii structures of the elements 
differ not in the valency group but in an inner group. But whereas 
in the transition elements the variation occurs in the outermost 
grou}) but one, in the rarc-carth elements it o<‘cnrs in the oulcrmost 
group but two, and lliis is why the similarity of prop)CiticH is so 
inmh more strongly dcvclojx'd. 

The electron structures assigned to all the elements inentioncrt 
are as follows: 
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Throughout thr j^et of rarc-caith dements the valency electrons 
arc three in numlxT, two having the type fw orbit, aiid one the iyi>(i 
si orbit. Only in cerium and its next neighbour prasc{3dymium 
does one 4/ electron contribute to a quadrivalency. The xenon 
core of Cf»mpletccl shells is common to them all, so tliat they differ 
stjlcly iji the content of electrons in 4/ orbits. 

Occurrence and Extraction.- -As their name implies, the rare 
<*:irllis arc all scarce elements, though like many other scarce 
elements they are found in traces in many parts of the world. In 
j>nioticallv all rare-earth minerals several elements occur together, 
an<l this has ndded tti the difficulty of their investigation. 

(iaiiolinitc is a rare earth silicate discovered near ^*Uc•rby, in 
Sweden, by Gadomn towards the dose of the eighteenth century. 
Til is filjscuTO northern township has given its name, or parts of it, 
Xit n(i less Ilian four of the diemical elements, namely ylterbinin, 
vUriiim, terbium. an<l erbium. Samurskitc is a mixed n ran ate 
and tantalutc of the rare i'arths discovered in the Urals in 
and formerly considered to \)c a possible source of element 
No. H3 (eka-caesium. p. .131). The only important modern source 
<ti the rare earths is, liowever, ^nonaziU, which is essentiaUy a 
inixlure of phosphates of rare-earth metals witli alxmt 6 per cent 
{‘f thorium phosjihatr. It is worked on the large scale for thorium, 
and the residues id this process c<insist of compounds of mixed 
rare earths from which all requirements can be supplied. Eor 
many years no use was known for these substances, and they 
accumulated in the hands <if the Tiiumifactiirers. Cerium is now 
an clement of some small commerdal importance, and the residues 
are worked for it; but the supply of the associated rare eartlis 
considerably exceeds the demand. They are not usually separated 
from the cerium salts. 

Separation of the Rare Earths. —Cerium can be separated without 
rmicli difficulty from the residues of the manufacture of thorium 
nitrate, because it is tlie only mcmlicr of the rare-earth group to 
I lave a stable valency of four. Ceric hydroxide is a feeble base, 
and the nitrate of quadrivalent cerium is easily hydrolysed to an 
insoluble basic .salt, so that cerium can Iw separated by boiling tlie 
nitrates with excess of water, when the other alkaline-earth nitrates 
pass into solution. In another metliod ceric hydroxide is precipitated 
by permanganate from a solution of a ccrous salt: 

3Ce ‘-fMn04'+ioH,O:-3Cc(OH)4 1 +MnOj i 4 8H‘. 

The solution must be kept slightly alkaline by the addition of sodium 
carbonate. Numerous other methods arc available. 

The separation of the other rare eartlis is far more difficult. The 
first stop is usually to divide them into groui>s according to the 

•s 
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solubility of their sulphates in a aAd solution of sodium sulphate. 
I'hc sulphates of yttrium and the olem<*nts of atomic number 
O5 to 71 (i.e. Th, l)y, Ho, Er, Tin, Yb, and Lu) dissolve readily, 
while the sulphates of lanthanum and elements 5<) i<> 64 (i.e. Vr, 
Ncl, Sin, Ell, and Gd) are very much less soluble. The fonner is 
calk'll the terhium group, the latter the cerium group, since it is 
found to include cerium if this element has not already been removed. 
The elements Sm, Eu, and Gd from tlie cerium group, and Tb from the 
terbium group, arc sometimes placed in an intermediate group, and 
il tins U done the classification of the rare earths by the solubilities 
of their double sulphates with sodium leads to the following result: 

A. Alyiiost insoluhlr: Cc (if present), Vr, Nd. 

H. Slightly s^oluhlc: Sm, Eu, (»d, Tb. 

C. Soluble: Sc (if present), Y, Dy, Ho, Er. Tm, Yh, Lii. 

It is interesting to notice that in the rare earths proper tliis 
pro|>crty follows the scijuencc of the atomic nuniiiers, wliile scan¬ 
dium and yttrium come in the same group as liitctium. Many of 
the properties used in the sepjiration of the rare earths—chidly 
solubilitie!5—follow this order or something like it. Measurements 
of the hydrogen ion concentration of sohitions of the r are-car I h 
chlorides show that the order in the eIcctriKhcmical series is also 
the order of atomic nnmlx»r (Ce/Ce^^, 2*3 v., Lii/Lu^^*, 2*i v.). In 
connection with Fajans' theory (p. 340) it may Ije noted that this 
order is also the order of decrea.suig radii of the ions (Ce, 1*28; 
Lu, 0-99). 

Separations within tJicsc groups are very difficult, and usually 
depend eitiler on fractional precipitation of the bases with ammonia, 
or on fractional crystallization of the salts. The separation of 
cerium from group A has already been dcscrilied, and as lanthanum 
hydroxide is a stronger base than the hydroxides of praseodymium 
or neodymium, the two latter can be removed by fractional precipi¬ 
tation. An electrolytic method has also been used with success. 
When solutions of rare-earth salts are electrolysed, the insoluble 
hydroxides aj^ptar at the cathode, the w^eaker bases predominating 
in the precipitate. In this way nearly all the praseodymium and 
neodymium can Ik* precipitatcxl while the lanthanum remains in 
solution. The separation of these two elements is effected by a 
laborious process of fractional cry'staliizalion from nitric acid of 
the double nitrates with manganese. From the groups B and C 
samarium, europium, and ytterbium are separable by reduction since 
they alone among the rare-earth elements show bivalency. 

It is seldom easy to follow' in the laboratory the course of a 
separation, and in the past this has led to much confusion. The 
detennination of the equivalent of llic metal present in a sample 
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IS a reliable method, and ha? been much used when there is a 
considerable difference between the atomic weights of the rare* 
earth elements to be separated. It is, however, rather tedious, 
and when possible resort is had to more rapid methods. Coloured 
salts, such as those of praseodymium and neodymium, offer obvious 
opportunities, and moiisurement ol the magnetic susceptibility 
sometimes provides a useful criterion. 

History 01 the Rare Earths.— An outline of the history of the 
rare-earth elements has been deferred until this point with the 
ohjeef of giving the reader some idea of the difficulties with which 
the early workers had to deal. The lack ol any rapid or obvious 
criterion ut the individuality of an alleged element led to a large 
number of claims, nearly all ol them now discredited, that new 
ones had been discovered. Me 1.1.0it. in his Comf>rfhfn^>ive Trrafisc, 
gjvi's a list ot no les.s than seventy reported discoveries, most of 
ilium unconfirmed. Sr> baffling was the contusion in lliis held of 
reseaich that Cuookes at one tune suggested that (lie raie-earth 
lenient« were really different forms ot the same element For- 
Minately in our own day the dcterminati«'n of the alomic rmiulicr 
from the X^ray spectrum allows \i^ to state with certainty tlie [vr- 
imssiblc numbi»r of rare-earth elements and to assign places to tiuise 
of which spc'cimens are available 

*l’hc history of the group begins in 1704 with (iariohn s analysis 
ot the nuaeral from Ytterby. Bv 1842, the earth <.lcni«l from jt 
had been separated into the lhre<* earths, yttrivi, erbia. and terbia. 
In 1803, cerium was discovered, and in 1842 it was shown to include 
n<it only a new earth, lanthana, but also didyirna, now known to 
ctinsist of a mixture of luaseodymia and neiwlvmia, but then 
regarded as a true element. Research conlinin^d actively through¬ 
out the second half of Ibe century, and was greatly stimulated by 
the invention of the incandescent ga.s-mantie, which not only 
created a demand for thorium and small quantities of cerium, but 
gave investigators acces.s to abundant supplies of rare-earth com¬ 
pounds produced as by-products of the industry. W]a.SBACH 
iiimself took a prominent part in the discovery of new elements. 
The last of the rarc-cartli rJemciits, No. 61, lias not yet been con¬ 
firmed from ‘ natural * sources. A radioactive isotope, of this 
atomic numl>er and mass number 145 has however been isolated from 
the fission products of uranium, and nanied/>fow/A?#/m (Pm). 

Properties ol the Rare-earth Elements and their Compoands.— 
Only a few of the rare-eartb elements have hitherto been isolated, 
but where the isolation has been accomplished it is either by 
electrolysing the fused chlorides or bv reducing them with alkali- 
metaJs. They are grey metals with a density of from 6 to 8. The 
hardness varies widely from metal to metal, and the atomic volumes, 
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so far as they arc known, lie between 19 and 23. The melting-prants 
arc as follow^, the differences in the reported results being cliiefiy 
clue to lni]>urily of the material: 

Yitmiin Lanihamnn Pta}>efH!vMtwn Neodymium Samaymm 

1250®-8io®*'SjD® 940*’ 1300^-1400® 

The metals tnniish in the air, and when ignited burn vAiU a light 
inf>re intense than that of buniing magnesium, forming a mixture 
of oxide and nitride. They also re.ict when heated in hydrogen, 
forming briltlr liydrnh's. 'J'liev are slronglv Hcctro]>ositivc, and 
hlieratu hydrogen shtwiy from c«»Id wahT but more rapidly from hot 
wat(‘r or dilute acid''. 

'I'hc oxides, wnlh the exceptions noted IkiIow, have formulae such 
as I-ajOj,, and are obtain^ by beating the hydroxides, easily 
precipitated by caustic alkalis from rate-carth soUnions. 'I'hcse 
hydroxides are only slightly soluble in water mid are fairly .strong 
bases, stronger than ahiminiitm }iydn>xide and of the same order 
of St length as ammonia. They show no amphoteric properties, 
and will not dissolve in alkaline solutions. Solutions of rare- 
earth salts arc slightly hydrolysed, but less so thnn those of alumi¬ 
nium, and the carbonates, unlike ulumniintn carbonate, can be 
precipitated m aqueous solulioii, but the sulphides are decom¬ 
posed by wr.ter, so the addition of soluble sulphides to rare-earth 
«olulions precipitates the hydroxides. The oxides have very high 
melting-jioints, and are difficult to reduce; like the hydroxides, they 
dissolve in acids. The table shows the colours of flic oxides and salts 
of the rarC'carih elements having colouied tcrvalent compounds. 
Sonic of tlio bivalent com pr hi mis arc alsc) coloured. 



J^yascodyiuitim 

Neodytuiutn 

SiiihurixtM 

iLUiol>iiivi 

Ox!dr 

^rti II 

blue 

pAlc yellow 

pink 


hluo-firfcn 

pink 

pale yelJirvv 

yi'Uow 


Dysproiiuw 

TfoJwtum 

Erijiom 

Thulium 

Oxftfv 

uliiU* 

yellow 

retsr 

jiair f^rcon 



yellow 

or 

or.iTige 

lose 

green 


A few of the rare-earth elements di'^play valencies otlier than 
thiec, but the compounds so lormed are never very stable. Apart 
from cerium, whicii is discussed elsewhere and excluded from this 
section, praseodymium, nt‘od3amum, and terbium form higher 
oxides when the trioxidcs are gently healed in air or oxv’gen. These 
higher oxides all yield the trioxidc and oxygen when strongly healed. 

The trichlorides of \dlrium, samarium, and eurojnum can be 
reduced to dichlorides by heating in hydrogen. These dichlorides 
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dissolve in water to form solutions which are tixulized by the air 
(jn boiling, and solnliniis of samarium clichloride liberate hydrogen 
rven in the cold. Bivalent salts of ytterbium arc also known, iuid 
I'uropiuni or ytterbium can be separated as the insoluble bivalent 
sulphates prepared by electrolytic reduction. 

rhe valency of the rare-earth elements was at one time a matter 
controversy, since no compounds are known which are sufficiently 
\(ilatilc to be used in vaiv)ur-dcnsity del eiini mil ions. Even 
tM-dav the equivalents of many of them, on account of the diifi- 
i*allies of prejtaring pure material. arc known with no great tlcgree 
nf precision, l)at tht; order of the atomic weights, ajul hence the 
vnlcncy, can be (led need with some certainty, either with the help 
*•1 the X-ray spectrunj or by the other methods availril*le (p. h6). 

Carbonates.—The hydroxidt's arc sufficiently basic to absorb 
c.irhnn dioxide, bu! the carbonates aic more easily prepared by 
j'nnpitaling a rare-earth silt solution with sodium liv<lfogen 
r*;tilH)natc. S<jluti<)ns of normal carlxjnafes precipitate basic salts. 

1 lu* carbonaliw are iiist>hibU‘ in water, but dissolve in mid 
n)ii<*eiitratcd solutions of other carixmales. 

Halides.—*I‘hc fiuoriiitifi rescmblv aluminium or scandium lluoritlos 
in being insoluble m water, though hyilnites of some of tliein liave 
been prepared. They can therefore be obtaincil bv precipitating 
niro-earlh salt viluUons with .soluble fluorides. They are not 
hvdrolyscil even on cvafKiration to dryness frun. aqueous solutif)n. 

Tile chit >r ides are much more salt like and less volatile than 
aluminium chloride, ami t*ousi‘f|uentlv cannot be prepared by the 
action of clilorine on the oxide and carbon. They can be obtjuned 
bv the action of chloiiuc or hydn^cn chlorkle on the metal, 01 
mure conveniently by dissidving the oxide, hvdroxidc, or carbonate 
in liydroclil<»ru: acid and evaimrating lo <lrvncss in a stream of 
livdrogen chloride to prevent hydrolvsls. Tliey arc hygroscopic 
solids soluble in water or alcohol. Their aqueous solutions are 
slightly hydrolysed, but less so than those of aluminium chloride. 
Their inclting-poinls, tar as they arc known, arc as follows 
(degrees Centigrade): Y, 624; La, 872; (Ce, 822); Pr, 823; Nd, 761; 
Sm, 682; Gd, 628; Tb, 588; Ds. 6^0; Ho, 6^. 

Sulphides.—These coini>oimds have formulae such as LagS^; they 
are decomposed by water, and must be prepared in the dry way, 
usually by the action of carbon disulphidcvajxmron the healed oxide. 

Sulphates. —These liave formulae such as l.a^(SO|)3, and can be 
prepared in solution by tlic usual methods. Evaporation of the 
solutions yields hydrates from which the water of crystallization 
can be removed by careful heating, an operation which produces 
a basic salt when applied to hydrated aluminium sulphate. The 
solubility of the sulphates of aU the rare-earth dements decreases 
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rapidly with rising temperature: thus lOO gm. of a saturated 
solution of praseodymium sulphate contains 16-5 gm. of the 
anhydrous salt at o®, but only i gm. at 95®. 

Nitrates*—Salts such as La(NOj)3 can be prepared in solution by 
the usual methods, and separated fronj the solution as hydrates, 
but attempts to prejxire the anhydrous salts by heating the hydrates 
lead to decomposition. The hydrates are soluble in water, alcohol, 
and acetone. 


SuCCROUl* B 

Gai.lium, Is'DiuM, Thallium 
Gallium 

Ga^ 69*72. A/omic NuvtUr, 31 

A comparison of the spectrum of indium, which had been dis« 
covered in 1863, with that of aluminium, led the French chemist 
I-ECOtJ 3 *)^ BoiSHAttDKAN lo stipposc that an clement as yet undis¬ 
covered existed with intermediate properties. In 1868 his search 
was rewarded by the discovery of a new element in a 5«ample of 
zinc blende from the Pyrenees: he called it gallium in honour of his 
country. The properties of the new element were substantially the 
same as those assigned by McndeloeH to eka-aluminium. 

Occurrence and Properties*—Gallium is one of the scarcest of 
elements, and our knowledge of the metal and its compounds is 
still imp<Tfcct. It usually occurs in minute quantities in zinc 
blende, and is best separated from ziwc, w'hich it somewhat resembles, 
by electrolysis of an aqueous solution <»( its salts. Its standard 
electrode potential lies somewhere between that of zinc, — o*7b 
volts, and of indium, ^0*35 volts, and it can readily be separated 
by the electrolytic process aluminium, a metal which cannot 
be precipitated from aqueous solutions. Alternatively it may be 
freed from zinc by precipitating the latter as carbonate. Gallium 
carbonate cannot be precipitated from solution, but the conditions 
must he carefully controlled, or the hydroxide is thrown down. 

The metal obtained by electrolysis is a brittle grey substance 
with a density of 5*9 and the remarkably low melting-point of 30®. 
It boils at 2000''. The electrical amductivity is about twice that 
of mcrciirv, but much less than that of aliiminium. Gallium does 
not tarnish in air, and is stable in air or oxygen luiless strongly 
heated, nor is it affected by air-free water. It dissolves slowly in 
acids, and will also liberate liydrogcn from alkaline solutions. 

In its con\]>ounds gallium displays a stable valency of three and 
an unstable valency of one. Gallic liydroxide appears to be a 
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rather stronger ba.se than aluminium hydroxide, but it is ampho^ 
Teric, and gallic salts are partially hydrolysed in solution. They 
aie colourless. 

Oxides and hydroxides. — oxide, can be obtained hy 

Ignition of the nitrate, or by heating the n\etal with nitric acid. 
It is a colourless solid with a high melting-point, soluble in acids 
mV ;dkalis, but only slowly if it has l>ocn strongly heated. The 
/:v Jr oxide is thrown down by the a<ldition of caustic alkalis or of 
( ;irl)<mates to solutions of gallic salts, which arc, h<iwevcr, unlike 
aluminium salts, unaffected bv the a<lditioti <if soluble sulphides, 
(iiflinns oxide, (uiO. has ni>t been obtained. NtJ carbonate >•{ gallium 

known. 

Halides.- Cullic clthrtde. (jaClj, is j)rep<\red bv union of tlie 
rlrnu'iils. It is a colourless, hvgros^'opjc solid, melting at 7^^ and 
Iwoling at 215", wihible in water or b^'u/ene. It is parti all v hydro¬ 
lysed in atiueous s<elation or in moist air, and when acted on by 
eveo.ss of water precipitaU‘S an oxyddtjnde, (hiOCh The vapour 
density in<licates the existence of double iiadecules in the vapour 
phase, but nt high temjMTntures dLssociution lakes place into single 
molecules, 

(iailom chloride, Gndj, is preparwl by beating the trichloride 
vith gallium. In S4»lution it can Ik* obtained by dissolving the 
Dirlal in Concentrated liydrcKhloric aekl. but thesij solutions hl>crate 
hydrogen if diluted. Ilie salt melts at 170" and is a powerful 
rciiticing ag^'iil. 

Hy the use of the physical tcchnkjue of Raman spectroscapy its 
< ojislitution has b<’cn shown to be (»a’(GaCI,)', and it heiico contains 
bcjlli uni- and Icrwalent gallium. 

(iullic sulphide, G.anS* cannot be preixired in schition; it has, 
however, recently bt;eu obtained by uni(,»n f»f thv elements. 

Gallic sVtIphate, Ga^(SO.i}3, cun lx* obtained as a hydrated snlt by 
tlu* u.sual methods. It is very soluble in water, and the solutions 
an boiling depo.sit a precipitate, inthcr of the hydn)xidc or of a 
basic salt, which rcdis.solvcs on a)oliiig. Gallium can replace 
cdumiiiium in the alums. 

Gallic nitrate, Ga(N03)a, can he obtained as a hydratcrl salt by 
the usual methods, and con be dehydrated in a dry atmosphere 
at 40®. Wlica heated it yields the oxide. 

Ikdium 

In—ii4'S2. Atomic Sumbcf, 49 

Occuirence and Properties.— In 18^3 Ri-icji and RiriiTUR, with 
the help of the spectroscojn*, dl^<jvcrcd a new <*1eincut in zinc 
blende from Frei^rg. They called it indium after the indigo 
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colour of conspicuous lines in its spectrum. Indium is a very 
rare element, but its compounds have been more thoroughly 
investigated than those of gallium. It usually occurs in small 
c|u anti ties in association with zim:, from which it can be separated 
by electrolvsis, or by precipitating it os the hydroxide In(0H)3 
with ammonia, with which zinc forms soluble complexes. 

Mol ill lie in chum can l)c ])rc pared by electrolysis, or by reducing 
tlio oxide with hydrogen or sodium. I t is silver-while, has a density 
of 7*3, and is so .soft that it can lx* squeezed l>etween the fingers. 
11 melts at 155^ and l>oiLs at 2 loo*'. 1 ts standard electrode potential 
-0*35 volts, and it is less electropositive than galliuni or zinc, 
so that ])ure indium can In* deposited from a solution of the mixed 
salts of these three metals, Tlic tuctal docs not Ccisily tarnish and 
is unaffected by water, but if strongly heated in air or oxygen it 
burns. It diss<>lves rajndly in acids, but not in alkalis: this again 
distinguishes it from gallium. 

liuiiuiu has a stable tervalen<*y and (apparently) Iow.t viJencies of 
two and one: these lower valencies are, liowevcr, more conspicuous 
in indium than in gallium. The compounds of indium somewhat 
re.scmble those of zinc and cadmium. The trihydroxide is a 
stronger base than the hydroxides of aluminium or gallium, an<l 
indium salts are not much hydroly.sod in solutimi. Tliey are 
colourless. 

Indium triozide, is obtained by burning the metal or by 

heating the nitrate, carbonate, or hydroxide. It is a pale yellow 
solid with a high melting-point. The hydroxide can lx* precipitated 
from solutioius of indium salts by caustic alkalis or by ammonia, 
and can be converted to the oxide at 650% It has feeble acidic 
properlu's and will dissolve in cold caustic potash, to be repro- 
ri pit a led on boiling, but the hydro.wl ion concentration of aqueous 
ammonia is insufficient to dissolve it. Reduction of the trioxidi* 
bv hydrogen at a temperature not above 400"^ loads to a product from 
which the oxide In^O sublimes on heating m vacuo at 750”. The 
existence of an oxide InO is unproved. 

Indium carbonate enn be precipitalod from indium solutions by 
soluble carbonates: this distinguishes indium from aluminium or 
gallium. 

Halides .—Indium fiaoride, InF^-sH^O, is soluble in water, and 
can ho prepared by evaporation of the solution of the hydroxide in 
hv’drtifluoric acid. The solutions xirc derom]iosed by boiling, and 
the salt is efflorc.secut in air. 1'hc water can he removed by careful 
heating at loo^ Indium fluoride is insoluble in alcohol. It can l>e 
reduci^d to the metal by heating in hydrogen. 

Jnchum Iriclihride, InClj. is u-sually prep;ircd by passing chlorine 
over u heated mixture of the trioxidc with carbon. It U a colourless 



GROUP III AND THE RARE EARTHS 


55J 

Joliqucscent solid, soluble in water and ben/cnc, and volatilizes at 
about Ooo^. 'J'iie vapour density indicates single molecules in the 
vaj)u\ir, with a tendency to dissociate, jHThaps into the dichloride 
11 nd chlorine, at high temperatures. 

Indtum dichhridc, lnC 4 . is a colourless crystalline substance 
obtained by healing the metal in a current of dry hydrogen chloride. 
U is decomposed by water into indium and a tcrvalent salt: 

3lnClj= In [ +2lnC*i3. 

In the light of the recent investigation of gallium dichli»ride (p, 
540) it beconuTi doubtful whether InC'l, is a correct molecular 
lonnula. 

Indium monochloridc^ InCl, has been prepared by distilling a 
mixture of the dichlorkle and indium in a current of carbon dioxide. 
It IS a dark re<l solid whose dccomiw^sition by water resembles that 
i)f the dudUoride. 

3ljirUT^In j d I11CI3. 

11 ic vapour '<ip\K0>rs b) (oiisist of single mol<*cwles. 

Indium inhYimnde, InBrj, obtained by uiuon of the elements, 
recalls the halides of the adjacent eUmicnt cadmium in its tendency 
lo form auto-complexes in solution, as shown by conductivity 
nieasuremciits. All the thhalides of indium readily form such 
(onn)li'x anions as Int’l/ or in which the indium has a 

covtdeiicy of four or six. 

Indium trisulphide, In^Sa, unlike the sulphides of aJuniiniuni and 
gallium, can be precipitated from indium salt solutions by hydrogen 
suli)hide, provided the 5*)]ution is no more than faintly acid. It 
then apjjcars as a yellow solid soluble in acids, and can be reduced by 
Ideating in hydrogen to vuiium monosulphidc, In^S. A red form of 
the trisulphidf is obtained by heating indium with sulphur. 

Indium sulphate, In^lSO^ls, can lie obtained as a liydrated salt 
by thi^ u.^ual methods, but attempts to dehydrate it by heating 
lead to the }>rodnction ol a basic s;dt. The anhydroas nitrate, 
Ji)(N 03)3, is likewise unknowTi, as tlie hydrated nitrate, jf heated 
to a temperature sufficiently high to drive oB all the water, yields 
tlie trioxide. 


Thallium 

T 1 =204*39. Atomic Number. 81 

Occurrence and Properties." In 1861 Ckookes discovered a new 
clement in the flue dust of a German sulphuric acid works. It 
was distinguished by a bright grocn line in the sjicctrum, and in 
allusion to this line he gave it the name of tliallium (Greek ihallos, 
a young shoot). 
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Though much more ubmidant than the other members of the 
subgroup, thallium is a scarce element. As no important uses 
have been discovered for thallium or its compounds, the extraction 
of the el(!m<‘]it from its ores is unprofitable, and the only two 
considerable sources of thallium are the residues of the load-ehamber 
sulphuric acid process and the mother lj<]uors of tlie manufacture 
of zinc sulphate. The thallium can lx* separated without difficulty 
by precipitation as the ver\^ slightly soluble thalluus chloride, 
TK'l, lifter iirst jirccijutating as suli>liidos from strongly acid solution 
lead. Insmiith. silver, and any other dements which might be found 
in the ])rccipitHtc. 

AictalUc thaUUtm ciui easily l)e ol)taine<l by ele<d rolys is of solutions 
of tliallous salts, or by nslucing such solutions witli zinc. It 
is a grey metal with a <iensJt^‘ of i rc*scmbhng lead in appearance, 
and like lead it is bright whi*n (reshlv cut. but quickly tarlllshe^ 
in tlie air. Thallium is softer than lead and melts at 30J' , the 
boiling-point hns lx‘ei> given as but minh higher values 

have bt'vn rejxjrted. 

Wiien healed in oxygen the metd burns lo thalJic oxide, TLO-^, 
and it will combine with the halogens. The sbindard dcctiodv 
potential of thallium is - 0*34 volts, very near the value for indium. 
I*h(‘ metal is unaffected by water, but it will ciecompo,se steam at 
a red heat, forming a mixture of thalloas and Uiallii* oxides, and it 
will dissolve, though not very readilv, in dilute adds. 

In thallium the group valency of three is not very stable, and 
the tlialhc compounds are oxidizing agents derived Jroiu the rat het 
weakly basic thallic oxide. The oxidation potential of the change 
I'r**—►Tl* is +2*25 Yulls. Tho thallous c^ompouiuls, on the other 
hand, arc ver>’ stable, and thalloiLs hydroxide is as strong a bitse 
as the caustic alkalis. The valency of throe pro dominates, how¬ 
ever, in the covalent thallium compounds (compare the adjacent 
element load). 

Osides and hydroxides.—Tlmllous hydroxide, TlOH, is soluble in 
water and cannot therefore be obtained by jirecipitation. It can 
cc>nvcnienl)y be prepared by mixing equivalent solutions of t hallo us 
sulphate and barium hydroxide, and evaporating the filtrate to 
dryness. It forms yellow crj'stuk fairly soluble in cold and very 
soluble in hot water, and it ;ilso dissolves in alcohol. It can be 
converted to thallous oxide by healing to 100^ in I lie absence of 
air. The solutions are strong bases which, like the caustic alkalis, 
greedily absorb carbon dioxide from the air; some oxidation may 
also take place. They also resemble the caustic alkalis in attacking 
glass when hot and concentrated. 

Thallous oxide, T 1 , 0 , is a yellow solid which darkens on healing: 
it is prepared by heating the hydroxide in the absence of air. If 
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lieated in the air it takes up oxygen to form thallic oxide. Both 
thallous oxide and hydroxide are soluble in acids. 

Thallic oxide, TI-O3, is obtained by the action of oxygen on molten 
thallium, which becomes incamlesccnt, or by strongly heating thal¬ 
loas nitrate, or by adding liydrogen peroxide to alkaline thallous 
solutions. It is a black substance which melts at 725'’ and in the 
molten state strongly attacks glass. At low temporaturas it is 
the stablest oxide of thallium, but at 700"“ the dissociation pressure 
of oxygon rcarhos 115 mm. It has some oxidbang properties even 
in the coUh A reddish-brown solid is preapitated from hot concen¬ 
trated solutions of tludlic salts by ammonia or caustic alkalis, or by 
u X i d iz ing 11 uU 1 0 u s s< )lut ions wit h pe rm n 1 igan ate. Oi 1 the oth er h ami, 
a yellow solid results from the hydrolysis of thallic chloride—con¬ 
veniently by the dilution concx?ntrated solutions of thallic chloride 
with a considerable quantity of water. It was fonnerly thought 
that these two apparently distinct solids were different forms of 
tliallic hydroxide, but X-ray diffraction shows them to be each 
identical with tluUlic oxide, and the colour difference must I ms attri¬ 
buted to different f men ess of di\dsion. Tor valent thallium, like its 
neighbour mercury, thus l<»nns no stable hydroxidt-. 

thallates.— If clilorine is ]>assicl uito a suspension of thallic 
oxide in aqueous caustic alkalis, a (k'fp red solution is produced 
which has been said to contain a thallatc. No thaHates have, 
however, tK‘en isolated, and if Ihcv exist at all they must be very 
unstable. 

T hallium peroxide, TI3O5, has i)cvn 5)rei)arcd by anodic oxidation 
of thallous solutions. 

Thallous carbonate, TlgCOg, is oblainctl by passing carbon dioxide 
into solutions of thal]i)us hydroxide and then crystallizing the 
product. It is H colourIcjvs solid which melts with some decomposi¬ 
tion at 273*^, and is often used in the prejiaration of thallous com¬ 
pounds, It is soluble in water, j)arlirularly on warming. 

'ITiallic oxide Ls too weakly basic to form a Ciirbonate. 

Halides. -Tin* nionohalides of IhalJhim ani salt-like compounds 
with little ten del 1C V tt> coN’alency. Hie solubility relations resemble 
those of tlie silver or mercurous halides, that is to say, the fluondo 
is soluble and the chloride, bromide, and iodide increasing! v in¬ 
soluble; moreover thallous fluoride is by far the most v<jlatilc of 
the liHlifles. 'riio melting- and boiling-pomts of the thallous halides 
are a.s follows (degrees Centigrade): 


Til- 

Tia 

T/Fr 

TII 

327 

4^0 


440 

^55 

Hob 

Hl$ 

824 


MeHing-poinl 

boiluig-puitil 
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Thr thallic halides, on the other hand, are partially covalent: they 
are hydrol^’sed and can exist only in acid solution, they are soluble 
in organic s<»lvcnt>’. and arc docomp»sed by heating. All the 
halides of thallium readily form comjilexes with donor substances 
such as ammonia. 

Thalloua fluoride, TIE, can l>c prejKircd by the usual milhods, and 
is a colourless crystalline compound wry soluble in water. At 20*^ 
the solubility is 8o gm. per loo gni. of water. 

Thallous clUoruie, TICl, is prcpaied by precipitating thallous 
solutions with soluble chloriih’^. It is a adourless solid which, 
like silver cldoride, is darkened by light. One hundred grams of a 
saturated sedution in water cmitaiii 0*21 gin. of thallous chloride 
at 0®, and i*8o gin. at zoo", llie salt has tx’cn much used (or 
investigations of the solubility-pn^duct principle. 

Thnllic vlflcrriJc, 110 ^, <‘an l>e prcivtrod in solution by passing 
chlorine into a suspension of tlialloiis ch1ond<‘ in water. Rv 
evaporation, proferably in u vacuum, white crystals of a liydrate 
are obtained, and the wattT can be rem(*vt*d from these m a vacuum 
desiccator or by very auitions heating. Anliydr4.»tis thallic chloride 
melts nt t»o'* at seven or eight atmo>plu'res pn*ssurc, Init at 
lugher tcmp<*ratijres it decomposes into thallous chloride and 
chlorine. It is very soluble in water, and is stable in tlic i>resciice 
of excess of hydrochloric acid, but the pun* dilute solutions pre¬ 
cipitate thallic oxidi* reudilv. It is also very soluble in organic 
Solvents, and with donor substances such as ether or pynduie 
readily forms addition compounds. In the solid state it aUr* 
forms complexes with aniinonia, and in uqucoll^ solution vmUi 
other chlorides. 

Other ciiloridos of tliallium have l)eon pro]>ared witli empirical 
formulae TlClg and TUt'lj,, but they arc Ix'Ueved to Ixt comj>)ox salts 
such as Tl(TlCl4) and Tl3(TICl4): tlio same applies to the bromides 
aud indidc.s. 

TI mil OHS bromide, TIBr, resembles the chloride, but is pale yellr)w 
and less soluble in water. 

Tliidlic bromide, TlBr^. has been made in the same W'uy as thallic 
chloride, but the salt has not yet been pre|>ared anhydrous, as 
decomposition begins before uU the water of crystallization can 
be removed. 

Thallous iodide, Til, is prepared like the chloride and bromide, 
and when jjiecipitatcd from dilute solutions in the cold is yellow, 
but red and green forms can also be j>rcpared. It is practically 
insoluble in water, 

Thallic iodide, Tllj, is obtained in black crystals by evaporating 
mixed alcoholic solutions of thallous iodide and u>dinc. 

Thallous sulphide, Tl^S, is prepared by melting the elements 
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toj’cthcr in suitable proporlums, or by precipitating thallons 
scilutions H-ith hydrogen sulphkb* in alkaline or weakly acid solution. 

II is a black substance insoluble in water, solnt.de in acids with evolu- 
1101\ ot hy<lrog<'n sulphide, ajid easily oxidized to thailous sulphate. 

Tballic sulphide* TI^Sj, cannot be prepared from hydrogen 
sulphide and thailic solutions, as this reaction y)elds tiiallous 
sulphide and sulphur. It is a black substance which must be made 
by l)ealing Ihahiuni with excess of sulphur. 

Thailous sulphate* T1^04, can be prcpanxl by evaporating to 
dryn(‘ss S4»luli(>n.s prepared by the usual methods. It fonn-s colour¬ 
less crystals whicli melt at O32'' and arc stable unless ver^' strongly 
heated. It is not very soluble in cold water, but dissr»jves better 
rii hot water. A very stable thallium liydrogc‘u sulphate, TIIISO4, 
U also known. 

Thallium forms alums in which it plays the part of the univalent 
metal, but it cannot, so far as is known, replace the tervalont luctal. 
Tballic sulphate, Tb,(SOj);i, is made by diss(dving lliallic oxide 

III sulphuric acid, or by adiliug barium jK'ruxide to a solution of 
thailous sulpliatt'. 

Thailous nitrate. TINO-,, is made by dissolvij^g tliailhun m 
modiTatcly concent rah si mtric acid and evaporating the solution 

10 flryness. Tlie product contain'^ some thailic nitrate from which 

11 can be freed by rccrystallizalion. It is a adourloss crysUdline 
solid which me!Is at 20O'' and on strong heating yields thailic 
oxide. One hundred grams of water dissolve only 3*91 gm. of 
the salt a1 0°, but 504 gm. at 105'*. 

Thailic nitrate, is ubluhitHl by crystallization of a 

solution of tlinihc oxide in coiuyntraled nitric acid; the solution 
fl(’]insits tliallk: o.xidc if diluted. It is eiwly decomjwsed by healing. 

Thailous orthophosphate, Tl5r04, is a colourk^is solid only very 
dightly soluble in water, and iircci|>itated from thailous solutions 
hv soluble orthopluKphatcs. 
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The table: sliows some fundamentphvikal properties: 
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In Group IV the systematic differences between the subgroups 
are very slight, and it is even a matter of some difficulty to decide 
to which subgroup the typical elements, carbon and silicon, show 
the greatest resemblance. It will be seen from the table that the 
atomic volumes are of no assistance in making a choice. 

The group valency of four is well marked throughout, and is the 
principal valency of all the elements in the group except lead. 
The chemistry of these elements, and particularly of carbon, is 
dominated by their valency group of (our electrons, which allows 
them to form stable compounds with either positive or negative 
elements (p. 564), e.g. CH^ and CC 1 |. Tlie stability of the dioxide is 

55 ^ 
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very marked tliroughout the group. Tlie tendency to form positive 
ions increases in the usual way with the atomic number, but positive 
<]uadrivalent ions, though not unknoMvi), arc of infrequent occurrence 
Dll account of their high charge and the rather low atomic volumes 
of the elements concerned. At the opposite ends of the group 
carbon and silicon do not form positive ions, while thorium, tin, and 
lead predominate in this form m solution. On the other hand, the 
(cadency to form volatile hydrides (the hydrides of Subgroup A 
arc solids) increases in Subgrouj) H and the typical elements with 
decreasing atomic number, that is, from lead to carbon. The 
occurrence of valencies lower than lour increases from silicon to 
lead, but decreases from titanium to thorium, and this is connected 
with one of the principal differences between the subgroups, which 
may bo tabulated as follows: 

(i) In Subgroup A a stiible valency of three sometimes exists 
together with the group valency four, whereas in Subgroup B 
the valency three is unknown and the subsidiary valency 
is two. 

(ii) The elements of Subgroup A have higli melting-poinls {except 
cerium); those of Subgroup H {except germanium) have 
low ones. 

(iii) The hydrides in Subgroup A are of the metallic tyjK, while 
those Subgroup are gHSC«)US. 

(iv) The tetrachlorides of Subgrouj> B are volatile liquid.*;, 
whereas those of Subgroup A arc solids (except titanium 
tetrachloride. Gjrium telrachloride is not known). 

The typical elements, carbon and silicon, are the least metallic 
elements of the group, and are Ihc only two elements in it which 
show no sign of forming a positi\'e elementary ion. Their volatile 
hydrides (very stable in the case of c;u*bon) connect them rather 
with the B subgroup than the A subgroup, and germanium shows 
some power of forming compounds of the * organic * type, so charac¬ 
teristic of carbon and to a less degree of silicon. On the other hand 
t tieir very high melting-points connect them with the A subgroup. 


Cauook 

C=^i2“0ii Atomic Numlicr, 6 

OccuneDce.—Carbon is an invariable constituent of living 
matter, and is also widely distributed among ui animate substances, 
thougii the actual proportion of carbon by weight in the crust of 
the earth and in the atmosphere is very small. Carbonates occur 



558 THEORETICAL AND INORGANIC CHEMISTRY 

in such minerals as dolomite, CaCOj-MgCO^, and limestone, CaCOj, 
and in sea-water, whOe carbon dioxide is found in the atmosphere. 
Oil {petroleum) consists mainly of hydrocarbons (compounds of 
carbon and hydrogen), and coal is a complex substance of variable 
composition containing a high percentage of carbon; it is the 
product of the decomposition of vegetable matter under pressure. 
Free carbon als*) occurs in nature in two forms —diamond and 
firaphiie. 

Diamond. —The diamond is a hard crystalline form of carbon, 
that occurs in nature in the form of single stones. The principal 
localities are India, South America, and South Africa, the lost 
being by far the most ini|)ortHnt and productive. In most cases, 
diamonds are found in ulluvial deposits, but in South Africa they 
occur chiefly in 'pipes' or inverted cones of a ‘blue ground.' 
This ‘ blue ground ' is gcncnilly believed to have been thrown up 
into the characteristic pijK's during the volcanic activity that 
rjrcurrcd in South Africa during the Cretaceous period; it consists 
uf weathered ' kiml)erlit€,' an olivine rock. The pipes themselves 
descend to an unknown depth (a shaft ut Kimberley has been 
sunk to 2600 feet without reaching the bottom of the pip^c), and 
do not all contain diamonds. 

To extract the diamonds, a shaft is sunk near, but not actually 
in, the p)ipo. and horizontal tunnels are then driven into the blue 
ground. The diamantiferous earth is run on trams to the shaft, 
where it is raised to the surface in skips; it is then liansferred to 
scaled trucks, which take it to the crushers. Here it is powdered, 
washed, and concentrated by levigation, which removes the lighter 
particles. I'lic ' concentrates' are then washed down a 5loi)ing 
surface of corrugated iron covered with grease. The diamonds 
adliere to the grease, but the remaining material is carried off in 
the stream of water. 

Natural diamonds vary considerably in size, lustre, colour, and 
value: as far a.s the latter point is concerned it is well to remember 
that the value of diamonds is largely artificial, being maintained 
by a restriction of output. The laigesl diamond hitherto dis¬ 
covered was found in the Premier mine, in the Transvaal, in IQ05. 
It is known as the Cnllinan diamond, and before cutting it weighed 
3026 carols, i.e. over ij lb. (i carat=0*2054 5 ^*)' Other well- 
known diamonds are the Koh-i-noor, the Excelsior, the Victoria, 
the Hopw, and the Star of the South. The Hop)e is of a beautiful 
blue colour, while the Dresden Green is of an apple-green shade. 
Most diamonds, however, are colourless. Black diamonds, known 
as carbonado or bort, are valueless as jewels, but arc used for making 
glass-cutters, rock-drills, etc., and, when powdered, for cutting 
and polishing the colourless stones. 



GROUP IV 


559 

For purposes of jewelry, the natural diamonds are cut in such 
a way tliat as much internal reflection ns possible is catiscd; tliis 
process rccjuircs great skill, and many valuable stones have been 
spoilt til rough inexpert cutting. Tlicre Ls always bound to be 
some loss in weight on cutting a stone, of course, but in some 
cases it is found necessary to cut the stones down severely. Thus 
tiie Koh-i-noor (' mountain of light'), whicli originally weighed 
i8o carats, had to he cut down to iof> carats. 

Origin of iht Diamond .—The origin of tin* diamond m nature is 
still a matter of controversy, though it seems )>ossiblc that diamonds 
may have been formed when carbon crystallized out from Milution 
in molten iron or in a basic silicate magma, under very great 
pressure. Moissan, in 1803. claimed to have obtained small but 
genuine diamonds by dissolving carbon in molten iron and ([iiickly 
cooling the cnicible by immersion in molten lead. Under these) 
conditions tlie iron on the outside of the mass solidified while that 
inside was still li<|uid; and since iron expands on solidiiication, 
enormous pressures were dcveloperl in the interior of the mass 
when it soliditird. On disMilving away the iron with hydrorldoric 
arid, a crystalline product remained which contained some graphite. 
It has been proved by Bi<id<;man that under all pressures below 
30,000 kg./sej. cm. atui up to at least graphite is the stal^le 
Umn, but at prcssuics aliovc tliis limit diamond ceases to be change<l 
into graphite. It is an interesting fact that diamonds have been 
found in meteorites, of both the silicate and iron varieties; but it is 
jH>ssihle that such meteorites represent fragments of the earth that 
were shot into space by ancient volcanoes and, after a journey in 
space, at leiigtli returned to it. 

Properties .—The diamond has a high refractive index (2*417 (or 
11 le D line), and is one of the haidest substances. Its s]H‘cilic 
gravity is 3*52. Unlike 'paste* diamonds, genuine diamonds 
arc IransjKirent to X-rays, a fact of amsiderable value to the 
dealer in precious stones. TIjp diamond is extremely stable 
towards chemical rei^ents; pure acids have no cflect uprm it, 
though it is slowly oxidized to carbon dioxide by a wann mixture 
of potassium dichromate and sulphuric acid. It is slowly attackc'd 
by fused .sodium carbonate, forming carlxm riMmoxide: 

Na.rOa H C ^Na^O+2CO. 

When heated in air to about 800^-900^, it takes fire and burn® 
brilliantly, forming carbon dioxide, and leavnng only a minute 
proportion of siliceous ash, 

GRAPnrrr..—Graphite is a black, flaky, crystalline substance 
found in several parts of the earth; most of it c<jmes from Ceylon 
and the United States. Up to high tuinpcratiires and at ordinary' 
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pressures graphite is the stable form of carbon, and at Niagara it 
is artificially prepared by heating coke in an electric furnace similar 
to that used for carborundum (p. 5C6). The charge consists of 
finely - powdered anthracite, or petroleum coke, to which a little 
ferric oxide has been added as catalyst. Artificial graphite forms, 
however, only a small fraction of the total production. 

Graphite is used with or without oil as a lubricant, and for 
polishing metal objects (* blacklead'); it is also used in pencils, 
and Irom its power of marking paper the names hlacklcad, plumhatio, 
and ‘ graphite ' itself are dcrivwl. It is a fair conductor of clec- 
fricitv and is used for electrodes in various teclinica) processes 
arnl for the ' carbons * of arc lamps. Jt is also ust'd in some types 
of refractory crucible winch are to be exixjsiKl only to reducing 
gases, for graphite is attacked by oxygen at 600^^-700®. 

It iias already been shown (p. 89) that the crystal slnictures of 
diamond and graphite arc in agreement with their (»hscrved physical 
properties. 

Other Fohms of Cahrom.—T hestt include the various forms ot 
coal, coke, lampblack, soot, wood, and animal charcojd, giis carbon, 
and sugar carbon. They have generally Ix’cn dcscnlx'd as amor¬ 
phous, but by the X-ray ' powder * method (p. 87) some of them 
at least have been shown to lie microcrystalliMe wiilj the graphite 
crystal structure. 

Wood charcoal is a black, very porous su[)stance obtained bv 
burning wood in an insufficient supply of .air. Since the nifinily of 
hydrogen for oxygen is much greater than that of carbon, the 
hydrogen fromtliC cjirboliydrales bums first and leaves the charcoal 
behind. Wood cliarcoal is used as an absorbent for ga.ses, of which 
it will take up astonishing quantities—somefimos as much as two 
hundred times its volume at ordinary tcmpt;ratures and pressures. 
The lower the temperature the better the al)sorbing power, and wood 
charccjal cooled in liquid air is used in p>erfecting Jiigh vacua—a 
discovery due to Siw J.ames Dewar which has had much effect 
on vacuum technique in the laboratory. 

Wood charcoal is manufactured on the large scale from peal, 
a natural product containing carbon chiefly in the form i)f cellulose. 
The peat is macerated with phosphoric acid or with a concentrated 
solution of zinc chloride, and the colloidal solution thus obtained 
is healed in retorts in the absence of air. A skeleton of wood 
charcoal remains as a highly porous mass, which is used in gas-masks, 
for filters, and for ‘ stripping ' benzol from coal-gas. 

A nimal charcoal is made by heating bones in the absence of air 
(' destructive distillation *), and consists chiefly of calcium phos¬ 
phate with about 10 per cent of carbon. It readily absorbs colour- 
ing^matters and other substances, and laboratory preparations are 
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often decolorized by boiling them m solution with animal charcoal. 
The process is also applied to sugar on the commercial scale. 

Soot is a form of carbon deposited when smoke passes over a 
cold surface. 

Lampblack is a very fiTiely divided form of carbon, and though 
ilie commercial grades may contain oil and grease as impurities. 
It can be obtained in a high state of punly. It is manufactured 
Uy burning petroleum, naphthalene, the natural gas of oilfields, 
.md other carbonaceous materials, in specially constructed furnaces, 
the supply of air being limited to the minimum required for com¬ 
bustion. The soot passes along tubes made of sheepskin, canvas, 
or coarse cloth, whence it is shaken off alter the operation is com¬ 
plete. If better qualities are required, the crude lampblack is 
subjected to a second partial combustion, and the process is repeated 
as often as necessary. 

More than half the world's production ol lampblack is used in the 
inotur-tyre industry, since rubber containing 2$ per cent of lamp- 
black is about four or live times as resilient and resistant as pure 
rubber. Much lampblack is also used in the manufacture of 
printer's ink, while smaller—but still considerable— k]u an titles are 
emf)loye<l m making gramophone records, carbon copying-papei, 
ebonite articles, carbon electrodes, and black pigments. 

Tlie application ol rhimiicy-soot to garden soil is beneficial 
because it usuHlIy contains up to 7 per cent of ammonia or ammo¬ 
nium compounds, derived from the coal. 

Gas carbon remains on the walls of the retorts in which coal is 
distilled in the manufacture of coke and coal'^as. It is very hard, 
and is used to make the ' carbons ' of arc lamps. 

Sugar carbon is chemically pure carbon obtained by heating sugar 
until it has charred. In order to remove the last traces of hydrogen 
and oxygen, it is then heated first in chlorine and then in hydrogen. 

Physical Properties. —Before discussing the somewhat in¬ 
definite substances coal and coke, vve may give a comparison ol 
the properties ol some carbon allotropes: 
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Coal akd Coke. —The coal not consumed in furnaces or domestic 
fires is subjected to destructive distillation—m the United Kingdom 
to the extent of about eighteen million tons per annum. The 
products of the distillation are (i) coal-gas, containing, say, 45 per 
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cent hyilrogcn, 35 j)cr cent methane, and 10 |)cr cent carbon 
monoxide, all })V volume, (ii) coke, (iii) lar, (iv) ammonia, and 
(v) ‘ bojizol/ and the pi*oces^s may l»e divided into tho.^ which 
are earned out at 1250^-1400’’ and those which work at 400®-6oo’— 
the so-called ' low-temperature carbonization/ A brief descrip¬ 
tion will be ^iven of the more im])ortant of these processes, followed 
by a summary of the products obtained from them. 

High - temperature CarbouizatioD: Coal - gas Manufacture. —The 
coal is heated in banks of small retorts, which may be either vertical, 
horizontal. or sloping, at a tcmp^*raturc of between 1250® and 1400^. 
In the vortical type the process is usually continuous: coal is run 
in at the top through a sealing tie vice and coke run out at the 






run^rs 


bottom. In many modern plants steam is bhtwn in at the 
bottom. Tlie waler-giis so produced (p. 5O9) iucrt'Ujk'S the volume of 
gas obtained from a ton ot coal, ])cl|^ to sweep volatile products 
from tJic retort, and keeps the fenijKjrature down, tiiereby in¬ 
creasing the yield ot tar (which is also more fluid), and the pro|M>r' 
tion of carbon moiKixide and hydrogen in the gas at tlio expense 
of the methane. After leaving the retorts the gases pass through 
the hydraulic main, a liquid seal which prevents loss of gas when one 
of (he retorts is opened and in which s<jmc ot the tar is dejwsiled. 
'fhe gas is then cooled by passing through a scries of long pij>es, 
often cooled bv water, in which the rest of (ho lar is deposited, and 
then passes to the scrubbers, where the ammonia is removed. In 
the scrubl>ers the gas bubbles through water, which by churning 
is made to offer it a large surface, and in this lic^uid the ammonia 
is dissolved. Before the introduction of the synthetic ammonia 
process this was the only important source of ammonia. The gas 
still contains impurities such as hydrogen sulphide, hydrogen 
cyanide, carbon disulphide, and carlxm dioxide, which must be 
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removed from it. Tins operation is carried out in a serie?^ of 
purifiers, in which the pas flows through pcTfi»r.\ted wooden shelves 
nn wliidi various purifying ^ents are spread. The sul>stanres 
inf>st commonly used for this purpose are lime and ferric liydroxide, 
which remove both hydrogen sulphide and hydrrigen cyanide, but 
the chemical changes involved are too complicated to l>o discussed 
hero. Before the gas is admitted to the g;i.sonjcters it is nowadays 
iwual to 'strip’ it: that is, to remove tlie in<»re volatile liquid 
lj\drocarbc>ns, chiefly Ixmzcne, contiiined in it as vap<inr. 

Tins is done by passing it through a heavy oil in whiclj the vapours 
dissolve, or tJinmgh wood cliurcoal jirepared fron) |)cat m the way 
already described, in whicli the hvdrooarlxms are absorhi'd and 
fnnu which th('y can be recovered by heating with steam. 11iesc 
liydrocarbons are known as * bt'iizol/ and are purified, mixed 
with p(‘trot, and sold us ' Uuizol mixture' motor spirit. It is 
estimated that twenty-five million gallons of Intnzol are pniduced 
annually in hVance, and in this omntry the process Ls also gaining 
ground. The illuminating jxiwcrs of coal-gas are chief!due to 
The bonzoiie vapour in it, and if the Ixmzctie is nmoved much of 
the illuTuinating power is l<»st, but this j.s nowadays of little im¬ 
portance, It is the liealing power of gas which iHennines its valnc, 
that is, the heat whicJi can Ix^ obtained by tlic cmnpletc combustion 
of a cubic foc»t of tlic gas; this is now the basis of the charg<' to con¬ 
sumers. Town gas may legally contain sulphur only as carlxm 
disiil|)hide. 

Coke Ovens.— In the coke oven the principal pr<xluct is coke 
for the manufacture of water* or producer-gas, or for in€ta!lurg\', 
and the gas and tar arc by-products o! less im|)orfaiice. The coke 
must contain a mininium of volatile matter, and a high temperature 
IS therefore employed. 1 'he VfJatilc products have usually been 
allowed to run to waste, but uj iiKKlcrn coke ovens tar, gas, and 
ammonia are all collected, and considerable quantities of benzol 
are obtained by ' stripping ' the g<is. 

Low-temperatrire Carbonization. -The objects of tins process 
arc to produce (1) a smokeless fuel, * scmi-a>ko/ in which volatile 
matter has been left to the extent of some 5 or 10 per cent of the 
weight of the coke, and (2) a tar or oil like petroleum oil from which 
liquid fuels, for use as motor spirit or otherwise, can be extracted 
in quantity. In low-tcinpcraturc carbonization much less gas is 
pr<xluccd, tliongh it is of high calorific value tsee table, p, 564). 

As these processes are now the object of intensive research in 
this country and elsewhere, it is impossible to give a final account 
of them. In the Pakkek process, one of the most successful, a smoke¬ 
less fuel called ' coalite ' is left in the retorts and a very fluid tar is 
obtained with a high content of phenol and nitrogen compounds. 
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Representative results of tlie coal carboni;cation processes are 
summarized in the table: 
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The tar derived from ihv<' j)rocessej> is and is a panci]>al 

5 (nirce of the organic snbslanc 4 *s used in imliisiry. 

Chemistry of the Carbon CompoQods. —The carbon atom has the 
unique property <4 fonning cluuiis an<l rings which arc the skeletons 
of stable molecular structines. I1ic number (4 the carbrui com¬ 
pounds is for that reason civimiously large (nearly a million an* 
known at present), and they are also much more r.<implex than 
inorganic compounds; for these reasons their study has become 
a separate branch of science under the title of * Organic 
Chemistry.* 

The carbon atom is one of tlie smallest of all atoms, and this, 
(ogelher with the fact that it has fourelectnms in its valency gTuQ]>, 
makes it impossible for car bun to exist as an ion; its compounds arc 
almost invariably covalent. The power of forming long chains is 
attributed partly to the small size of the atom and partly to the 
nciU'ly equal strength of the positive and negative alfijiities; thus 
methane and carbon tetrachloride are both stable substances. The 
stability of many compounds of carbon is due to the fact that the 
covalency maximum of carbon is also four, and that decomposition, 
if it is to occur, cannot be preceded by combination. This is why 
carbon tetrachloride cannot be hydrolj^d, although silicon tetra- 
chloride is decomposed even by cold water; the covalency maximum 
of silicon is six. 

Radicals are known in which carbon may have a valency of two or 
three, but the valency of four predominates more than in any other 
member of the group, except perhaps thorium. l*he monoxide is 
a stable substance, its electronic structure resembling that of N^. 
The dioxide is weakly acidic and has no trace of basic properties. 
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In the acidity of its normal oxide carbon resembles the elements of 
Subgroup A rather than those of Subgroup B, but the stability of 
I Is volatile hydrides connects it with Subgroup B. Tlie volatility 
< >1 the oxides of carbon sharply distinguishes it from all other elements 
i)f the group. 

Properties ol Carbon. —The physical properties of some forms of 
1 arbon have been discussed. Carlwn appears to have a higher 
iiicIting-]K)int» recently fixed at 3570^ than any other element: next 
in order are tungsten»3370^, and rhenium, 3t40^ On the other hand 
carbon has an appreciable va]>our pressure at 1300'’ or so. for the 
• •id carbon filament lamps grew black on the inside of the glass 
I mm sublimed carbon. 

Carbon is very resistant to chemical reagents. It will burn if 
heated in air or oxygen, and is attacked by fluorine in the cold, 
but not by chlorine even at a white heat. The affinity between 
carbon and oxygen at high tcmj>eratures is used in metallurgy 
and in many industrial oj)crations. Carbon is unaffected by most 
acids, but charcoal cm be oxidized (0 carbon dioxide bv boiling 
with nitric acid, and graphite is slowly oxidized, by hot nitric 
acid containing potassium chlorate, to a mixture of substances 
in which mcllitic acid, C«(COOH)e, can be detected. In the 
laboratory carbon is frccjucjitly used as a reducing agent at high 
temperatures. 

Carbon is insoluble in all known solvents (except molten iron, 
etc.); such substances as Indian ink or printer's ink are colloidal 
suspensions. 

Carbon hydrides.— Carbon and hydrogen form a vury large 
number of compounds, known as hydrocarbons; their study 
belongs to organic chemistry'. The simplest are methane, CH4; 
ethane, C^H^; clliyleiie, C^H^; acetylene. C..H4; and benzene, 
C,H,. 

CakBIDES.— Ihe term carbide is usuallv restricted to the binary 
compounds between carlx»n and the metals, which are solid refrac¬ 
tory substances; whereas the compounds with the non-metals are 
usually volatile, though the carbon compounds of phosphorus and 
silicon are of the carbi<le tyjx;. 

There are two principal methods of preparation: 

(i) Direct reaction between the metal and carbon, or the 
metal oxide and carbon, or the metal and an oxide of 
carbon. 

(ii) A special type of carbide, called an acciylidc, is made by 
passing acetylene (CjHJ through solutions of some metallic 
salts. 

Examples of hoih methods of formation will be given. 
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The carbides, wliich form a very numerous class of compounds, 
thouqU many arc of slight importance, can best be classified according 
to their action with water: 

with Water Jixan\plt 

N« art Km A('etyli<1es, silicon carbide, iron carbide 

Vniducc acofvlcne, C'alrium carbide 

1 ‘reduce iiicihane. OI< AUiinunura carbide, beryllium carbide 

/lrr(v/hh’s.—Whni acetylene is |)H.sscd through an ammoniacal 
s(>lution of cuprous chloride, cuprous a re I y lid e, CujCj, is precipitated 
as a red jvjw'der. It is explosive w'hcn dried. Silver acetylide is 
a white solid }>rcci pi luted from ammoniacal silver nitrate by acety¬ 
lene; it is much more violently exi>lobivc than the copixu conipound. 
Other acetyl ides arc known. 

2ru’*j CjIE Cujt'ji M 2ir and 2Ag'd Cjll^ AgX^I +2H*. 

Silicon carbide» SiC, resembles diamond in its inertness. It is 
prepared on the large scale where electric power is cheap (e.g. in 
Norway and at Niagara) by heating a mi.xture of sand (50 per cent) 
with coke and srnne ^aw(lust in the electric furimcc: 

3C-I S1O5- SiC-hdCO t. 

Tlio object of the sawdust is to keep the miiss porous and to allow 
the carbon montjxule to cscu|>e; the latter burns on tlie surface. 
The heat ts provided by the iXLssage of the current through the 

core of coke and graphite that 
coimccts the electrodes, which 
are set in cement walls at the 
ends of the funiace. The sides 
arc made of loose bricks which 
are removed when the re¬ 
action is finished. The core is 
then found to lx? suiTOunded 
by a layer of impure silicon 

Fig I ' CARuokUNDiiu * Fvrkace carbide, which is removed and 

broken up. When pure, it 
is a colourless crystalline substance, but llie commcTcial product, 
e.g. ' Carbonmiluin,' is always coloured. It is nearly as hard as 
diamond (and lias the diam<»nd crystal structure), which makes it 
very useful as an abrasive. It Ls also refractory and has been used 
for crucibles Silujidum'). Crystalline specimens were formerly 
used as rectifiers in wireless sets. 

Iron carbide. —Tlierc are .several carbides of iron, of wliich the 
most important has the formula FcjC, Tliis Ls a constituent of steel. 

Calcium carbide, CaC^, is made on a very large scale, for use in 
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acetylene generators, by heating a mixture of coke or anthracite 
and fleshly “burnt lime to a temperature which may reach 3000^: 

CaOH3C=CaC,+CO f. 

The furnaces are made of iron linc<l with carbon and are mounted 
on wheels; they are heated by tlie [passage of an electric current 
between the bottom of the furnace and a carbon electrode suspended 
in the top. At the temperature reached, the calcium carbide fuses 
and sinks to the bottom of the charge, from which it is drawn off 
ul intervals, cooled in trays, and broken up into lumps. 

A furnace producing some eight tons of carbide a day will take 
a current of 30,000 amperes at 50 volts—nearly 2000 h.p.—so the 
industry can only be established where electric power is cheap, 
When j)uro. calcium carbide is colourless and transparent, but the 
r<!mmcrcial product is grey or black. Calcium carbide is insoluble 
in all known solvents, it reacts vigorou.sly with water in the cold, 
producing acetylene, and this is now its principal use: 

CaC,+ 2H,0=Ca(0H)j+CjH, f • 

The acetylene can cither Ik generated as is required, or manufactured 
in quantity and sc'iit out dissolved in acetone under pressure. Since 
acetylene is now the starting-point of the manufacture of acetalde¬ 
hyde and other commercially important chemicals, calcium carbide 
15 of considerable industrial imi>ortance, quite apart from its use 
in illuminalum. 

In the laboratory calcium carbide has been used for the estima¬ 
tion of water in organic liquids; the volume of acetylene liberated 
frc'm a known volume of the liquid is measured. I'he repulsive 
smell of the acetylene generated from commercial calcium carbide 
and water is due to phosjdiorus hydrides produced from calcium 
phosphide in the calcium carbide. Ibe phosphorus was originally 
present as phosphate in tlie limestone from which the lime was 
made, and this has been reduced to pliosphide in the furnace. 

Calcium carbide reacts with nitrogen when heated in the gas to 
a temperature of 1000® to form ciiicium cyanamide and graphite: 

CaC,+N5=CaCN,+C. 

This is the basis of one of the older processes for the fixation of 
nitrogen (p. 392). TJk nitrogen is obtained from the air by one 
of the methods described in connection with the synthetic ammonia 
process (p. 388), and the calcium carbide is heated either externally 
or by passing an electric current through it. The mixture produced 
is called ftilrolim or SUckstoffkalk, and is used as a fertiliser. When 
it is treated wilh superheated steam under pressure, ammonia is 
produced: 

CaCN,-|-3Hp=r CaCOad ^NHj f • 

T 
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but this procf^ss is seriously threatened by the Ha BEK process 
(p, 388). 11 lused with sodium chloride, nitrolim yields sodium 
cyanide, and this proci^ss also is worked on a commercial scale: 

CaCN,+C+2NaCl=2NaCN+CaClt. 

Aluminjoin cafbide« AI^Cji, is now prepared by heating a mixture 
ol alumina and coke in the electric furnace: 

2 AI, 0 |+gC —A!,C|+6CO f. 

The pure substance forms yellow crystals, but the com mere Lai 
product IS a brown powder, sometimes used m the laboratory for 
making methane. The action is slow with cold water but becomes 
vigorous on boiling: 

A]4C*+12HP=3CH4 t + 4 A 1 ( 0 H},. 

The Oxiuks of Cakkok.—C arbon forms several oxides, of which 
only twu, tlie monoxide, CO, and the dioxide, CO^, arc important 
to the student of inorganic chemistr\'. 

CarboD suboxide, C^O,, is obtained by removing the elements 
of water from maIonic acid. CH^fCOOH)^. bv distillation with 
phosphorus pentoxide: 

CH,(C 00 H),- 2 H, 0 =C, 0 , t. 

It al«o a constituent of the brown jvawder produced from carbon 
monoxide by the silent electric discharge. It is a colourless gas 
with a strong smell, condensing at 6® to a colourless liquid. It 
burns readily, forming carbon dioxide. With water it yields 
malonic acid, and is therefore ma Ionic anhydride, but it may alM> 
be regarded as a dikelcne with the structure OC*“C=CO. 

Meilitic anhydride, Ci^Os, is a cyclic carbon compound ol purely 
theoretical interest. 

Carbon monoxide, CO. is the product of the first stage in the com¬ 
bustion of carbon, and the final product if insufficient oxygen be 
present. In the laboratory it can be made by heating various 
carbon-containing com^xiunds with concentrated sulphuric acid, e.g.: 

Sodium formate; H.COONa+H^SO^- NaHSO^+Hj^O+CO f. 

COOH 

Oxalic acid: 1 =CO.^ t +CO t -pH^O. 

COOH 

A ferrocyanide: Fe(CN)/'"-b6H,0+i2H =Fe* + 6 NH;+ 6 C 0 f . 

If oxalic acid is used the gases must be treed from car lion dioxide 
by bubbling them through caustic potash. The gas can be collected 
over water, in which it is nearly insoluble. 

In industry the gas is produced in very large quantities (and 
often allowed to escape) in processes in which carbon is used as 
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a reducing agent; it is present also, to the extent of some 10 per 
cent by volume, in coal-gas. It is used as a gaseous fuel, and 
for this purpose is produced by the oxidation of coke either 
with air (produccr-gas), steam {paler-gas), or a mixture of both 
[soni-water gas). 

Produccr-gas. —Ttie heats of formation of carbon monoxide and 
rlioxide are: 

2C + 0^=2C0-1- 53,600 cak. 

and 3C 4 -202»’2004+188,600 cals., whence, by subtraction, 
2C0 i* 0;—2C0^+135,000 cols. 

If no use is made of the heal of formation of the carl>on monoxide 
11 follows that of the <)4.3<X) calorics obtainable by tlic complete 
r(nn bust ion of a gram-atom of carbon only 67.500 calorics, or about 
;o |X‘r cent, are usefully employed. This lo.ss is generally avoided 
ciilicr by having the producer so close to the fun'iace where the 
rnoTioNide is to burned that the h<)i\i is carried by the gas fiom 
nne plant lo the other without much dissipation by iIk* wav, or 
I'V using Iho heal from the j^rcHluccr l<) warm the furnace air-Llust, 
or in some separate ])roccs.s. 'the producer is filled with coke and 
stnrtcd by lighling a fire in it; the air-supply is then so icgulatctl 
lliat ctnni>lele combustion lo carbon dioxide cannot take place. 
Since the gases aie continuously withdrawTi from the producer n<j 
(iiu'slion of ocjuilibrium but the pr<Mjucer must be tall and 

tli<‘ temperature must be high (1100® or over) to make sure that 
any carbon dioxide protluce*! at the Iwttom shall be reduced to 
monoxide by I lie while-hot coke at tJie lop. Produccr-gns contains 
al)()ut 65 |)€r cciU by volume of nitrogen (and uiert gases) from the 
;iir, the remainder being carbon monoxide with not more than 
2 per coni of tlie dioxide. 

Waler-gas. —When a)kc is heated in steam, hydrogen and carbon 
monoxide are produced: 

C+If2O=CO + Hj~30,90O cak. 

Tlie heat absorbed in the reaction can lie calculated from the heats 
of formation of carbon monoxide and wrater from their elements, 
that is, by adding the equations: 

2C +02~2C0+53,600 cals., 
and 2H40=2ll2H-04—115,500 cak. 

2C+2H4b=2Cb+2Hj—61,900 cak 

Since the reaction is endothermic, the proportion of carbon monoxide 
and hydrogen in the gas produced is increased by raising the 
temperature, but it is found impracticable to supply heat from 
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outside, so the efficiency of the water-gas production rapidly 
diminishes as the heat al^sorbed in the reaction lowers the tcnij>era- 
ture of the coke. In the older types of plant this was avoided 
by blowing air at intervals through the whole mass and thereby 
raising its temperature by llie producer-gas reaction, but it is 
nowadays more usual to cany out the.se operations simultaneously 
by blowing in steam mixed with sufficient air to keep the lempera- 
ture frc»m falling. l*he product is called sicmi-waUr-gas. Onlinary 
water-gas contains {by volume) about 50 per cent hydrogen. 
40 pel cent or more carlxm monoxide, and the rest carbon dioxide 
and nitrogen, whereas semi-water-gas may contain 50 per cent or 
more nitrogen. 25 ])cr cent carbon monoxide, and 15 per cent 
hydrogen, together with some carlx>n dioxide and melhane. 

An imjKJrtant modem application of the pn>ducer-gHs and 
watcT-gas process's i« to the manularturc of nitrogen and hv<lrogen. 
The caibon monoxide is first oxidizc<l to dioxule, which can Ik* 
removed by dis.solving it at high pressure in water, 'rhe oxidation 
IS carried out with steam according to the e(juatiun; 

CO 

By adding the heat evolvo<l in the reaction: 

CO l jOj=“COj-f (>il.ooo cats., 

and the reaction. 

HmO—H^-|-102“5^.ooo cals.. 

we find that the reaction evolves 10.000 calories when conducted 
from left to right. The oxidation of the carbon monoxide is 
therefore favoured by a low temperature, and to secure a reasonable 
speed at this temperature a pre^paration of iron or copjjcr is used as a 
catalyst. 'Die equilibrium is practicallv inde|>cndent of the pressure. 

Carbon monoxide is a colourless gas whose physical properties 
resemble those of nitrogen. It is jxusonous. and possesses so faint 
a smell that the victim is frequently overcome without realizing 
his danger. The toxic projKTties of coal-ga?> arc due lo the carbon 
monoxide contained in it, and deaths irom carbon monoxide 
poisoning also occur in garages and other confined spaces wliore 
motor-car engines are run*with an insufficient supply of air. and in 
unventilated bathrooms with geysers burning. The carbon mon¬ 
oxide combines with the haemoglobin of the blood and prevents it 
from caTT>dng out its function as the oxygen-carrier of the body. 
Patients shcaild be removed from the in for led atmosphere and 
given a mixture of oxygon with a htlle carbon dioxide, which 
stimulates the lungs and causes panting, thereby helping the 
absorption of oxygen; but treatment usually comes too late. It m«ay 
be remarked that, owing to the mechanism of its toxic action, carbon 
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monoxide does not act as a poison upon those living organisms 
(e.g. plants) which are bloodless. 

Carbon monoxide is nearly insoluble in water. 11 has the same 
density as nitrogen, and is tlierefore very slightly lighter than 
air. It burns readilj' in air or oxygen, but only if water-vapour is 
present. The water-vapour in the atmosphere is suflicient, but 
.1 lot of burjiiiiL; carl)on monoxide is extinguished if introduced 

into a wide-necked flxsk in which the air 
has been nio<lerately dried by shaking with a 
little c<»nci'nlrat(d sulphuric acid. For this 
♦*xi)crinH‘nt the carbon monoxide must first 
be <lricd with sulphuric acid, and it mast be 
shown that there is sullicieiit access of air to 
the interior of the flask for the gas to burn 
ui it in tlii‘ abstmee of a desiccating agent. 


Cl^nc siilptjunr dPid 
I* to I .JO MuImokk Nkcrssauv to CoMRvsnns* oi* 

Carbon monoxide is an unsaturated compound, that is to savi it 
will tonn addition coni]X)unds. 'IliLs projHTty is, howt'vcr, far 
luiin evident at ordinary itinpcratiires and pressures and in the 
abM'iice of <*alalysts and liglit. Ainmoniucjil solutions of cuprous 
t hluriik* absr»ib it tt> give a compound CuCl.tXXlLO, but here carlxm 
tnonoxulc is acting us a donor molecule, as in the carbonyls. It 
\\ill also c<'mbine with cliloriiu*, ^hiwly in diflused daylight and 
i.ipully in bright sunlight, to form rarlmnyl chloride or ph(»sgcnct 

i O-i-CU-COCU 

For the remaining addition reiictions raised temperatures and 
\)rcssurcs or catalysts are necessary. Carbein monoxide will 
con^bine rapidly with oxygen at o'^ C. on the surface of manganese 
dioxide. Witli sulphur vapour in a hot tube carbon oxysulphide, 
COS, is i>roduci:d: 

co+s- cos. 

With hydrogen at high pressures and in the presence of a catalyst 
methyl alcoliol can be obtained: 

C0+2TI,»-CH 3 -OH; 
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a process which is worked on the industrial scale at 200 atmo- 
spheres. With caustic soda in the presence o( water at about 200® 
sodium formate is prcdiicrd: 

CO i NaOH =H.COONa; 

this process is also worked on the commercial scale under increased 
pressure. At liigh temperatures llie toducing powers of carb<m 
monoxide become more evident, and tlie gas is widely used in 
metallurgy for reducing metallic oxides to the mcUl. 

To estimate carbon monoxide in air, its power of reducing iodine 
pentoxide at a temperature of 70® is employed: 

IA+5<^0=5C0,-Il2- 


The carbon dioxide produced is swept on by the air stream and 
absorbed in a solution of barium hydroxide, where it is estimated 
by titration. The air must first be fret*d from carbon dioxide. 

At moderately high temperatures and tisually at high pressures 
carbon monoxide will react with some of the metals to form carbonyh 
such as iron pcntacarbonyl, Fc(rO)j; nickel carbonyl, Ni(Cd)4; 
cobalt carbonyl, Coj(CO)j. Such carbonyls are formed only by 
metals of the transitional sequences (p. 771). On strong heating 
they dissociate into metal and carbon monoxide. Tlu'ir low boiling- 
points and Solubility in organic liquids point to a covalent structure, 
e.g.: 


CO 


CO 


\ / 

Ni 



Tlie fonnation and decompasition of nickel carbonyl is the basis 
of the important Mond process for the commercial preparation 
of nickel. 

'riie composition of carbon monoxide is known from tlic fact 
that two volumes of the gas, when sparked with one volume of 
oxvgcn, produce two volumes of carlxm dioxide. Its electronic 
stnicture is discussed on p. 330. 

Carbon dioxide, CO*.— Occurrence .—Carbon dioxide occurs in 
the atmosphere to the extent of about 0'03-0“04 per cent by volume, 
though this proportion varies in different parts of the earth. Large 
quantities of the gas also issue from volcanoes or other vents in 
the earth’s crust; thus the atmosphere of a certain cave near 
Naples contains about 70 per cent of carlx^n dioxide, and the 
cave is called the Grotto del Cane because the gas forms a layer on 
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the ground deep enough to asphyxiate any dogs which may venture 
in. A valley in the Yellowstone Park in California is called Death 
(iiilch for the same reason, and has been described as ‘ littered with 
the skeletons of men, animals, and birds.' In Germany natural 
carlwn dioxide issuing from the ground is collected, purified, and sold, 
('arbon dioxide is produced by the respiration of animals and 
]slants, but the amount so liberated is an insignificant fraction of 
!l>c caibon dioxide content of the atmosphere. Of all the gases 
nf the lower atmosphere carbon dioxide most strongly absorbs 
soln.r radiation, and it has an important effect on the temperature 
(4 the earth, which it reduces. Atmospheric carbon dicjxide is 
the principal food of green plants. 

ManufuciHre,^C{\xhon dioxide is always present in furnace 
g.isfs. ol which, with nitrogen, it is usually the chief ctmslituenl, 
hut it Is only seldom nxovered irom this source, though n process 
has boon developed for recoverinc it from water* and producer- 
On the commercial scale it is usually prepared by heating 
limestone (calcium carlKinate), and is therefore a by-product in 
ilio ])reparation of quicklime: 

CaCOaT CaOd COjt- 

‘liio furnace in which the operation i.s carried out is called a lime¬ 
kiln; the necessary heat is usually providoo by the comjjlete 
< ombnstion of coke inside the kiln. 

I'or the manufacture of soda- and mineral-waters, which owe 
their effervescence to carbon dioxide dissolved in them under 
pressure, a purer gas is rciiuired, and this is often obtained from 
Ijroweries, where it is produced during the process of fermentation, 
if pure carbon dioxide is to be prepared from furnace gases, thcs<‘ 
arc first passed through water to remove sulphur dioxide, which 
IS much more soluble in wafer than carbon dioxide is, and are 
tlien absorbed in a solution of potassium carbonate, where bicar¬ 
bonate is produced (sodium carbonate is less suitable, since sodium 
bicarbonate is not very soluble): 

COj'-f H*0+ 

The carbon dioxide is recovered from the solution, wliich can lie 
used again, by boiling it, when the reverse action takes place. It 
dried with concentrated sulphuric acid and sent out in cylinders 
ill which it is confined at a pressure of sixty atmospheres. 

In tile laboratory carbon dioxide is nearly always made by the 
action of acids on carbonates; 

COaN 2H*^H,0+CO,t. 

Thfi gas is freed from acid vajxiur or spray by passing it through a 
solution of sodium or potassium bicarl^ate. 
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Properties .—Carbon dioxide is a coJourless gas, said by some to 
have a faint but characteristic odour; it certainly produces a 
tingling sensation on the membrane of (he nose wlien inhaled. It 
IS a heavy gas. twenty-two times as heavy as hydrogen and 50 per 
cent heavier than air. and since it will not (in general) support 
combustion, it is used in some types of fire extinguisher, which 
generate it as required from a carbonate and a dilute acid. 
The gas keeps low and diffuses only slowly from Ihe burning 
material, which it deprives of air. The gas was first liquefied in 
1823, by Faraday; at atmospheric pressure the liquid cannot 
exist, but the solid can do 50 provided the temperature is below 
—78'’. In the cylinders in which it is snpjilied at about sixty 
atmospheres carl)on dioxide is a liquid, but on free expansion from 
such a cylinder so much heat is absorbed that the temperature is 
reduced l>clow —78® and sonic solid carbon dioxide, called * carbrni 
dioxide snow/ fonns at the exit tube and may l)e coilecled in a 
flannel bag tied over it during the escape of the gas. A concen¬ 
trated solution of the solid in acetone, through which air is b!j>wn, 
may reach a temperature as low as —no®. Ether is sometimes 
used instead of acetone. 

The jiroduclion of solid carbon dioxide is now carried out on a 
large st'alo. llic gas is first liquefied bv pressure, and then solidified 
by free evajwration. Since at almcisphcric pressure the solid turns 
din'Ctly lo gas. it leav<*s no liquid btOun<l it—hence the name ‘ dry 
icc/ The latent licat of sublimation (153 calories per gram) is 
exceptionally high, so that a bkx:k cvu[)orates very slowly in still 
air, being constantly surrounded by an insulating layer of intensely 
cold gas. It LS packed into cartons with ico-cream or perishable 
goods, and the fact that it clisapj>e;irs without leaving moisture is .a 
great advantage for such purposes. Solid carlxm dioxide is also 
largely used in engineering. 

UikUt atmospheric pressure water dissolves about its own volume 
of carbon dioxide at room temperature, though the solutions are 
easily sujvrsaturated. The sedation has a feeble but definite acidity. 
Carbon dioxide deviates in its behaviour from Henry's law. Tlie 
gas is a feeble poison, but its frequent fatal eficcts arc due ratlier 
to the exclusion of air, which causes suflocutiun, than to any specific 
effect. The unplea.sai\tncss of the air of crowded rooms is due not 
to carbon dioxide, though its concentration under these circum¬ 
stances may reach 0*5 per cent, but mainly to the stagnancy of 
the fiir in contact with the skin and to the increase in humidity. 
Immunity to such atmospheres can l)e attained—if desired—by 
practice. 

Carbem dioxide is a comparatively inert substance. It can be 
reduced to carbon monoxide at liigh temperatures by carbon and 
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^ome metals, and by magnesiam, zinc, or aluminium to carbon; 
magnesium, if ignited and plunged into the gas, M'ill continue to 
hum. With ammonia, carbon dioxide combines to form aininonium 
carbamate: 

C0,-1-2NH,=:NH2.C00NH4, 

Init if water is present beyond the minute quantity necessary to 
( atalyse the reaction, ammonium carbonate is produced. The 
modem manufacture of synthetic urea depends on the former 
reaction (p. 390). 

Carhonic acid, H2COa. has never been isolated, but it is known to 
<ircur in aqueous solutions of carbon dioxide, and its salts, the 
carbonates, arc among the commonest substances of inorganic 
chomistry. Carbon is not known to form a tetrahydroxide, C(OH)fl, 
hut certain organic derivatives of this hy}>othelical substance arc 
inown, such as elliyl orthocartxmate, C(C)CjH5)4. 

Ill aqueous solutions of carbon dioxide equilibria are set up 
between carbon dicjxide, water, and carlxmic acid, and between 
llie acid and its ions: 

(Oa+HjO^^II/O,. ]],C03^4‘H +HrOa'. HCOyVir + COj'. 


'Phr constants governing these equilibria 


eiir^ at 


j w 


;co,i 


7 Xiy 


LHXO3J 


5 L 


[H ] [CO/] 
fHCO,'] 


10'“ 


11 jc calculation of the first constant is very diilicuit, since it involves 
no ions and is therefore inaccessihU* hv the conductivity method, 
and when known it is iistdiil onlv in cumbiiiation with the second 
ni l ruco n 

constant: ^ ; ru i=*= 3‘5 X ^0“'^, The denominator is virtually 

the total concentration of carbon dioxide, free or combined, 
in the solution, and the figure 3*5 is the (apparent) first 

dissociation-constant of the acid, which is therefore very weak. 
If we take into consideration the fact that only 0*7 per cent of 
carbon dioxide dissolved in water Is combined with it, the acid 
IS seen to b? a good deal stronger than it appears to be. 

In its second dis.sociation carbonic acid is very weak, so that 
solutions of carbonates arc strongly alkaline from hydrolysis. 
Ihcarbonate solutions are also hydrolysed, and contain, in addition 
to bicarbonate ions, carbonate ions and free carbonic acid. Their 
hydrogen ion concentrations he in the neighbourhood of lo’® and 
according to the dilution, and they are consequently nearly 
neutral, so that carbonate fyitulions can be titrated with acid to 
bicarbonate with phenol phthniein. though not very exactly. 

Carbonates, except those of the alkali-metaU, ammonium and 
•*1 
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thallium, are insoluble in water. It is, however, usually impossible 
to precipitate them by passing carbon dioxide through neutral solu¬ 
tions of the salts of the metal, because the carbonate ion concen¬ 
tration of a solution of carbon dioxide in water is extremely small. 
A carbonate solution must be used instead. All bicarbonates, on 
the either hand, are soluble in water (though sodium bicarbonate is 
not very soluble). On this fact is based the usual test for carbon 
dioxide. When the gas is bubbled through lime-water, which has 
a distinctly alkaline reaction, on account of the basic properties 
of calcium hydroxide, finely-divided calcium carbonate is produced 
and the liquid becomes milky: 

CO,+HaO-^HjCO;,^2H‘-i CO/ and Ca‘' + CO/-*.CaCOa |, 

but on continuing the passage of the gas, bicarbonate is formed and 
the precipitate dissolves: 

COi+HjO f CaCO,->Ca*+2HCO/. 

On heating, bicarbonates kise carbon dioxide and water and give 
the normal carbonate: 

aHCO/^CO/ l-HjO+CO^ U 
and this reaction takes place in water on boihng. 

When, as is often the cx<5e, the carbonate and hydroxide of a 
metal are both insoluble, the addition of a carbonate solution to 
a solution of one of its salts usually precipitates a mixture of the 
carbonate and hydroxide, which may also include a basic carbonate 
of definite composition. I'he hydroxyl ions required for the 
precipitation of the hydroxide arc derived from the hydrolysis of 
the carbonate solution, and it is often possible to precipitate the 
pure carbonate by the use of a bicarbonate solution, in which the 
hydroxyl ion concentration is very much less. In addition to this 
it is sometimes necessary to bubble carbon dioxide through the 
solution in which the precipitate is suspended. Metals sucli as 
aluminium, whose hydroxides are very weak bases, do not form 
carbonates. 

On account of the acidic nature of carbon dioxide it combines 
with solid basic oxides or hydroxides at ordinary temperatures, e.g. * 

CaO+COj^CaCO, or KOHl-COj-KHCOa, 

and carbon dioxide in a gas stream (as in organic analysis) is 
estimated by absorbing it in aqueous potash, which may be weighed 
before and after. To prevent increase in weight by absorption 
of water from the air, it is necessary to protect the potash bulb on 
the far side with a calcium chloride tube and to dry the gases 
before they enter it. 
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The constancy of the proportion of carbon dioxide in the atmo¬ 
sphere is due partly to the removal of the gas by the photosynthctic 
activity of green plants, and partly to the fact tiiat the bicarbonates 
in the ocean act as carbon dioxide ‘ buffers/ and thus regulate 
the equilibrium between the dissolved gas and that present in 
the air. 

Percaibonates.—These salts contain the ion CsOe'. Potassium 
[lorcarbonate, KgCjO*, is precipitated as blue crystals when a 
^;aaTated solution of potassium carbonate is electrolysed at a low 
temperature. A diaphragm must be used, and the anode must 
be a smooth platinum wire, at which oxygen has a high over-voltage: 

2COj'—2 electronsasCjO^', 

On careful drying the salt is obtained as a white anhydrous solid 
soluble in water. Its solutions have strong oxidizing properties 
and behave .is though they contained hydrogen j)eroxide, which 
iiiih'ed is probably fuinied by hydrolysis: 

C50/+2OH'=2C0/i-HA- 

pr Tear bona (es can be obtained by the action of carbon dioxide 

on cold susiHiiisions of Sfxlium peroxide: 

2CO^ (-Na^O^^NasCsO*. 

All perrarbonates are unstable, and on warming give the normal 
carbonate, carbon dioxide, and oxygen: 

t +0^ t. 

Halides.—Carf/on Iclrafluoride, CF4, is prepared by union of the 
clfinents, or by tin? action of silver fluoride on carbon tetrachloride 
at 300^: 

4AgFH Ca4=CF4-i-4AgCl. 

It is a colourless, odourless gas, boiling-point —130*. It is very 
stable and inert, being unaffected by w'ater, concentrated sulphuric 
acid, caustic pot as}:, or benzene, and suffers no change even when 
mixed with hydrogen and exposed to sparks. Sodium, magnesium, 
and barium react with it with incandescence. 

The stability of covalent halides usually d€cr€«ascs from fluorine 
to iodine, and this is very noticeable in Group IV. 

Carbon tetrachloride, CCI4, cannot Ije obtained at any temperature 
by combination of the elements, and is prepared on a fiiirly large 
scale by the action of chlorine on carbon disulphide: 

CSg-|-3Cl3=CCl44-SaClj. 

Iodine or anhydrous aluminium chloride may be used as catalyst. 
Clarbon tetrachloride is a colourless volatile liquid, boiling at 77®, 
with a sweet smell, and is used in laundries in ' dry-cleaning/ and in 
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oil mills for extracting oil from crushed seeds; both these uses 
depend on its solvent power for oils and fats. It is non-inflammable, 
and this is an advantage over carbon disulphide, which is somelimcs 
used for th(5 same purpose, but it is quite a:; poisonous, is dearer, and 
also attacks metal-work. Both the disulphide and the tetrachloride 
are now being replaced as a solvent by ‘ westron,' or acetylene 
tetrachloride, and * westrc^sol/ (trichlorcthylcnc). 

The latter has no deteriorating effect upon metals. 

Carbon tetrachloride is a heavy liquid (density I’SS) and the 
vapour is five limes as heavy as air. Hcncc carbon tetrachloride 
is used in fire-extinguishers; it is immediately vaporized at lliv 
lemt>erature of the conHagralion. It is particularly suitable for 
motor-car outfits, as it dissolves j>etrol. whercris water merely 
floats it. It has also been used in shampooing, but is not to be 
recommended for this purjK>^e, as its anaesthetic powers exceed 
those of chlon>foriu. 

In the lalxjratory it is iisccl as an eminently inert solvent for <uis, 
fats, the halogens, etc., and has the advantage of bring practical I v 
insoluble in w*itcr. The chemical st«ibility of the substance is voiy 
remarkable; it is the only tetrachloride of Group IV Uj be entirely 
unatfocted by water, and sodium has no visible action on if in the 
cold. This inactivity is probably due to the symmetrical :ind 
fully saturated electronic structure (the covalency maximum of 
carbon is f<mr) and should be contrasted with the ready hydrolysis 
of the tetrachloride of silicon, whose covalency maximum is six. 
The dielectric constant of carbon tetrachloride is small (2'0), it 
has negligible donor or acceptor pn)jxjr(ics, and is the non-ixdaT 
solvent excelImce; it neither ionizes in other solvents nor 

induces ionization in substances dissolved in it. 

Curbofiyl clihriJc or Phosgene, ('OClj, is the acid chloride of 
carbonic acid. It is produced bv the com bin a ti cm of carbon 
monoxide and chlorine on a char coal catalyst (in sunlight the action 
takes place spontaneously) or by oxidizing carbon tetrachloride 
with fuming sulphuric acid. It is a colourless, extremely poisonous 
gas, boiling at 8® and slowly hydroK'sed by water: 

COCI^+Hp-CO.-l 2IICI. 

Carbon disulphide, CS^ is pre|>ared by heating coke and sulphur 
in an electric furnace, from which the carbon disulphide escapes 
as vapour. It is an excellcnl solvent lor oils and fats, sulphui, 
phosphorus, iodine, rubber, and other substances, and is used on 
the largo scale in oil rec<ivery and in the vulcanization of rubber. 

h is a colourless volatile liquid, boiling at 46®, and highly in¬ 
flammable. The pure substance has a sweetish smell, but the 
commercial product contains impurities wliich give it a disgusting 
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(^^lour: they can be removed by shaking with mercury and distilling. 
(arbon di>u1phide is only very slightly soluble in water. 

Carbon o^rsulphide^ carbonyl y^phide« COS, is a colourless in^ 
Ikimmable gas prepared by the combination ot carlwn monoxide 
and sulphur vapour in a hot lube, or more conveniently by the 
iction of moderately concentrated sulphuric acid on a thiocyanate: 

CNS'+ 2 H f H 30 =^NH;-[-C 0 S 

In plivsical ]iroparties it is iutcmiediate between carbon disulphide 
ukI carbon dioxide. 

Cyanogen, CgNj. is obtained by heating the cyanides of mercury, 
^lhv^, or gold, c.g.: 

')(• l)y beaiinc: mixeil s<»hilions of cupric salts and cyanides: 

Cu"-) 2CN'-.Cu{CK)2i and 2ru(CN)8«Cu3((;N)8-l 

It is a cohmrlc.ss, mflaniinable. and I'.Ntrcniely poisonous ga> with a 
[HK'uliar smell It is fairly s(*hiblc in water, I>ul lh<‘ solution is 
unstable and the cyanogen Is slowly hy<lroh'se(I wilh the fnnnation 
of organic substances. Wilh the alkali-metals ryan(»gcn combines 
to form cyanides: 

2K i rjN--2KrN. 

Parucyanoj^cn is a polymer of cyanogen simultaneously produced 
wlicn the gas is prepared by heating mercuric cyanide. It is a 
lirown powder that yields cyanogen on strong heating. 

Hydrogen cyanide, HCN, sometimes calleil hydrocyanic or prussic 
jcid, is prep; I red by the distillation of a cyanide solution to which 
a dilute acid, such as dilute sulphuric ackl, has been added. The 
pioduct is an aqueous solution of hydrogen cyanide. If the sub¬ 
stance is ro<|uirod pure the water-\'apour must be removed by 
passage through calcium chloride; the hydrogen cyanide can then 
i>c condensed in a tree7jng-ini.\ture. It can also he obtained by 
passing ammonia over carbon at a liigh temperature and rapidly 
cooling the gas stream after it leaves the reaction vessel: 

Hydrogen cy:mide is a colonrlc-^s liquid, boiling at 27®, witli a 
peculiar odour to wliich many pereons are completely insensitive, 
l.ike other cyanides it is intensely poisonous, and a few drops 
placed on the tongue usually cause practically instantaneous death. 
The resistance to the action of the poison varies witli individuals, 
but cases have been recorded of suicides who have lost conscious- 
mess before putting down the cup from which the poison has 
been drunk. Nevertheless, South African natives, if allowed, use the 
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tanks of cyanide solution for the gold-inincs as bathing pools and 
seldom suRer any ill effects. 

Hydrogen cyanide mixes with water in all proportions. The 
solutions arc very weakly acidic, the dissociation-constant of the 
acid being only 7x10“^^ Consequently soluiions of cyanides, 
such as potassium cyanide, are strongly hydrolysed and have 
a marked alkaline reaction. By concentrated acids cyanides arc 
decomposed with the formation of caibon monoxide and an 
ammonium salt: 

CN'+2H-I H, 0 «NH/+C 0 t • 

Cyanides arc reducing agents, and in the exercise of this power 
are converted to cyanates: 

CN'+O-OCN'. 


Their remarkable power of forming complexes of great stability 
has already been alluded to. It lias Ix'cn shown that tlie organic 
tsocvanidcs have a structure in winch six electrons arc shared 
between the carlwn and nitrogen atoms: the structure of the cyanide 
ion is: 




In hydi'ogen cyanide the hydrogen atom may Iw attached either 
to the nitrogen or tlie carbon, and there is some reason to believe 
that tlie liquid is an equilibrium mixture of the tautomeric forms 
H.CN and Il.NC. The complex-forming powers of the cyanide 
ion are specially enhanced because it contains two * lone-pairs' 
(see p. 797), and in many solid cyanides both pairs arc active. 


Si I ICON 

Si—28-09. ‘Atomic Number, 14 

History.— Van Helmont (1577-1644) made silica (SiOj) the basis 
of one of the earliest illustrations of the conservation of matter. 
He fused a known weight of silica with alkali, dissolved the ‘ glass' 
in water, and then precipitated the silica with acid. On drying and 
weighing, the weight of silica obtained was found to be equal to 
the original weight. Becher (1655) regarded silica as an earth, 
if his terra viirescihiliz is rightly to be identified with that substance. 
Tachenius, however, in 1660 showed that it differed from an earth 
in possessing acidic properties. Lavoisier (1787) assumed silica 
to be the oxide of an unknown element, and in 180^11 Gay-Lussac 
and Thekard prepared crude silicon by heating potassium in silicon 
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fluoride gas (SiF4). Berzelius (1823) obtained a better yield by 
reducing potassium fluosilicate (KjSiF,) with potassium, and was 
able to determine the atomic weight ot the element. He regarded 
il as a metal, but Davy showed it to be a non-metal and to possess 
a striking similarity to carbon. 

OcciUTence.—With the single exception of oxygen, silicon is the 
nu>st abundant element on the faci‘ of the earth (including the atmo- 
spliere and the sea), and forms about one-quarter of the earth’s 
crust, by weight, whereas oxygen accounts for al>out a half. It 
occurs exclusively as the dioxide, silica. SiO-, or as a silicate. Flint, 
quart/ (' rock-crystal *), and sand arc all silica in different states 
i»f purity, and several precious Moms, such as amethyst or jasj>or, 
consist of silica coloured by traces of other com|)oumU. Silicates 
are very complex substances in which almo.sl any metal may be 
rvmtaim'd; the aluminosilicates are paiiicularly abundant and are 
tlic prmcip<a! constituent of cluv. 

Silicon and its Compounds.- I'hc chemistry of silicon is (hmiinatod 
I'V the stability of silica and the silicates, the final })rodiict of almost 
ill I the reactions in w'hich it lakes p;irt. Silicon forms no oloincntary 
ions, and its compounds arc nearly all either insoluble in water or 
are hydrolysed to form silica or a silicate. Silicon has the usual 
re‘«ttmblance with the first nn'mlx^r of the previous group, boion. 
and also strongly resembles carlx>n. Unlike carbon, the element 
does not occur in the frix' state in nature, and silicon is much inoie 
difficult than carbon to prci)arc, on account of the great .stability 
of the dioxide. Silicon shows, though to a much smaller extent, 
some of the pow’cr which carbon has of forming long cliains. but 
tn the silicon chains oxygen atoms must alternate with the silicon 
atoms. Silicon is almost invariably quadrivalent, and in this it 
rcsi'mblcs carbon, though silicon monoxide is very far from ploying 
a part of tlie same importance as carbon monoxide. Tiie covalency 
maximum of silicon is six, ampared with four for carbon, and 
this is probably responsible for the iiLstability of the tctrahalidcs 
towards water and the existence of tlic fluosilicates; the great 
complexity of the silicates is due to tlie variety of u'ays in wliich 
SiO^ tetrahedra can unite. 

Elementary Silicon.—The element can be prcjwcd by reducing 
either a letrahalide or a fluosilicatc with an alkali-metal: 

4K-hSiF4=4ia<+Si or 4K-bK*SiF4-6KF+Si. 

It can also be prepared, though in poor yield, by healing a mixture 
of sand and magnesium powder: 

zMg +SiO 5 = 2 Mg 0 +Si. 

Jfagnesinm silicide is produced at the same time. All these pro¬ 
cesses yield amorphous silicon. The crystalline element can be 
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obtained by heating a mixture of fluosilicatc and magnesium in 
the proportions shown in the equation: 

K,SiFe+2Mg==^ 2KF+2MgF,+Si, 

or by roduoing silica with calcium carbide. Crystalline silicon is also 
robtained as a by-prtxluct in the manufacture of carborundum. 

Properties. —SiHcon has a high melting- and boiling-point, but 
can be distilled with difficulty in the electric furnace. Crystalline 
silicon in appearance somewhat resembles a metal, and has some 
power of conducting the electric current, while with certain metals 
it forms alloy-like compounds, but it will not liberate hydrogen 
from any acid except hydrofluoric. Crjstallinc silicon has the 
crystal structure of the diamond, and shares some of the chemical 
inertness of carl>on. If heated in air or oxygen it will bum to form 
silica, and will combine with fluorine at all temperatures to form 
the tetrafluoridc, SiF|. with the ev(»lution of much heat, but it 
must be heated lx*fore combination with chlorine t«akes place. At 
high tcmp^Titures the reducing powers of silicon arc more evident, 
and at a wl)itc heat it will deromj>osc steam and many metallic 
oxides with the formation of silica. Silicon readily liberates 
hydrogen from caustic alkalis, cither fused or in solution, with 
the formation of silicates. Just as diamond is less reactive tlian 
charcoal, so is crystalline silicon less reactive than the amorphous 
variety. 

suicides. —The silicides of two eicnxeufs have attained sonic 
industrial importance, e.g. carbon stheiJe, or carboru 7 %dum, which 
has already been described (p. 566), and iron monosilicide, ferro* 
silicon, FeSi, obtained by reducing silicate-containing iron ores in 
the electric furnace. l‘crrosilicon i.s added to iron to improve its 
resistance to acids, and the resulting aUoy finds an increasing use 
in the manufacture of resistant vessels for the concentration of 
sulphuric acid. 

Silicon hydripfs. —These interesting compounds are prepared 
from magnesium silicide, just as the somewhat similar compounds 
of boron are prepared from magnesium boride. Magnesium silicide, 
MgnSi, is prepared by heating dry silica with a large excess of 
magnesium pow<lcr at a temperature which must not be allowed to 
rise too high, otherwise silicon is produced. The substance thus 
obtained is gradually added to dilute hydrochloric acid at 50® in an 
atmosphere of hydrogen (Fig. 120, p. 522). when a gas is obtained 
coiisistinK chiefly of hydrogen, but also containing some 5 per cent 
of hydriiies of silicon, of which the simplest is produced according 
to the equation: 

Mg,Si + 4H'==SiH< t +2Mg*. 

The mixed gases are freed from water and hydrogen chlori<le and 
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are then separated from hydrogen by condensing tliem \vith liquid 
air. The mixture is then fractionally distilled. 

Silane, sUicomethane, SiH^, is a colourless gas with a peculiar 
<m€ll, and is stable in the absence of air, but on strong heating 
( 1 c‘Composes into silicon and hydrogen. It is spentane-ously in- 
tiammable, yielding water and silica. Silane is produced in 
theoretical yield by adding silicon tetrachloride lt> lithium 
ulumininm hydride in ether solution (cf. dibtjranc, p. 523). Silane 
IS slowly decomposed by water: 

SiH4+2H,O=Si0j i +4Ha t. 

.lUd more rapidly by solutions of caustic alkalis: 

SiH4+HaO+20H'=SiO/+4Hi f. 

Hy measuring the volume of hydrogen evolved in this and similar 
lujctions, it is possible to analyse the silicon hydrides, of which 
a series is known, corTc.sp<>nding in formula with the lower paraffins, 
tlinugh the properties of the two scries of compounds are not at all 
similar. Typical members are disilaner or silicocthanc, and 

Irisilanc, or silicopropane. S^llg. 

By the action of the halogens on silane at low temperatures, 
such compounds as monoiodosilane, Sill3l, and dibromosJane. 
SjlIjBr,, can be obtained. They are dccoiiif^osed by water, but 
the silico-alcohoLs resulting from their hydrolysis are unstable and 
lose water to form silicocthers or silicoaldehydes: 

H 20 -=SiH 3 (OH)+HI. 2 SiH,( 0 H)==(SiH,)j 0 H-H, 0 . 

SiH;,lfr2+2HaO=SiH.(OH),+2HBr. SiHt{ 0 H)*=*SiH 40 +Hp. 

The hydrides of silicon are sharply distinguished from the paraffins 
by the action of hydrogen chloride, which has no effect on the 
latter, but reacts with the former, in the presence of aluminium 
chloride as catalyst, to form such compounds as monochlorosilane: 

SiH4+HCI=<SiH5Cl+Ha. 


Sn.lCON OXIDES. 


Silica^ silicon dioxide, Si 02 , constitutes some 72 per cent by weight 
the crust of the earth, and if its derivatives the silicates are 


included, the proportion is more than half. It can be prepared in 
several amorphous and at least seven crystalline forms, of which 
we shall mention only the three most important: quartzy tridymitc, 
and criitohaliUy all of which arc found in nature. 

Quartz, or rock-crystal, is a very abundant mineral and is stable 
up to about 870®. Very large fine crystals of this substance are 
sometimes found. It is transparent not only to visible light but 
also to the radiations of the ultra-violet and infra-red which. 
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are absorbed by glass, and is therefore ground into prisms and 
lenses and used in optical apparatus designed to deal with these 
wave-lengths. At 575® it is converted to a modification called 
^-quartz, to distinguish it from the a-quartz stable at ordinary 
temperatures. By X-ray ana]3rsis the two forms have been shown 
to tiiffer in the arrangement of the atoms in the crystal lattice. 
At 870® it is converted to Iridymile, a lcs.s dense substance whose 
temperature of formation is therefore increased by increased 
pressure, and at 1470® tridymite forms cristobalitc, which melts 
at 1710®. 

Fused silica, oflen called fused quartz or silica-glass, is prepared 
by fusing silica in the electric furnace. At a slightly higher 
temperature silica iH’gins to vap<^rize. Amorphous silica is also 
obtained by the removal uf waici from silicic acid; it crystallizes 
on strong heating. 

Silica is soluble in water only in the form of the cfOloidal sc elution 
silicic acid, which consists of silica as.s<K*iatC(l willi a variable 
({uantity of w'atcr. The oxide hits no amphoteric properties and 
is attacked only by liydroiluoric acid among the acids, and slight Iv 
by phosphoric aciii at high lemjM'ratures. It will, however, dissolve 
in ^kaii.s, ainor|>hou5 silica in the solution, and quartz, slowly, in 
the fused substance: 

sio,.f-2on'=sio/+H,o. 

On account <>f it.s resistance to reagents fused silica is now a valuable 
material for vessels for use in (he lab<^ratory and in industry. It 
h;is been used on the large scale in the concentration of siilplmric 
acid. The coeflicient of expansion of silici is exceedingly low, 
so that small articles made from it can be licaled red-hoI and 
quenched in water without cracking. It is also free from the truces 
of soluble impurity present in ordhtury glass, and silica vessels arc 
frequently used in research, especially when the catalytic properties 
of the surface arc of importance, as m studies of reaction velocity. 
Laboratory silica-ware is made in two varieties, transparent and 
translucent; the former is more convenient but very much more 
expensive. 

Silicic acid and silicates.- Hydrated silica is precipitated when 
an acid is added to the solution of a soluble silicate. The action 
may be written: 

Si 0 s'-h 2 H’=H 2 Si 03 i, 

but the formxila does not exactly represent the composition of the 
precipitate, which is in the colloidal form and is associated with a 
variable quantity of water. When purified by dialysis and pro¬ 
tected from coagulation the solution is found to be a weak acid, 
easily precipitated by the addition of electrolytes. 
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acid and the silicates arc for the most part complex 
vubstanccs of high molecular weight. The metasilicates of the 
jlkali-metals are soluble in water; sodium metasilicate, NiuSiO;^, 
\s a colourless substance which can be obtained in the crv'stallmc 
rendition. The commercial product is maiuifacturecl under the 
name of ' waferglass * by boiling iK)wdercd flint under pressure 
with a concentrated solution of caustic soda an<i cN'ajJorating the 
solulion to a syrupy consistency: the composition of the solute is 
approximately NtuSiiO®, i.e. Na^0.4Si0j. It is us<*d in the cardbox 
nidustr>' as an adhesive; for hardening cement roads; for mend¬ 
ing small articles; and in dilute solution for preserving eggs— 
It clogs the pores of the shell ami isuluies the interior ol the egg 
from bacterial infection. Silicate solutions contain the ions SiOj’ 
;iTid SiA'- 

(rhss is a mixture of various silicates, sodium, potassium, calcium, 
and lead being the metaU most often us<‘d. Glass is undoubtedly 
lu Ih» rcganlcd a.s an undercooled liquid, and has no definite crystal¬ 
line structure, but it can sometime's be made to cry.stnllize by 
[irolonged heating. The process of cryistallization is called ' devitri¬ 
fication,’ ajid makes the glass brittle, translucent, and useless. 

* Soft' or soda glass is made by heating sand, sodium carbonate, 
and lime in a glass-furnace. It softens at a lower temperature 
than other glasses and is the most widely u-sed. If potash is 
substituted for soda tlie familiar ‘ hard' ghiss of the laboratory 
IS obtained. Glasses specially made for resistance to attack by 
I'liemiculs usually contain boric oxide and free silica—such arc 
Jena glass and Pyrex. Finally, coloured glass is made by the 
addition of small <{uantitics <if metallic oxides or silicates, or even 
finely divided metals, to the melt, c.g. cobalt oxide, blue; chromium 
oxide, green: colloidal copper or gold, red. The ' stained glass ' 
used in church windows consists of colourless glass on which a 
lliin layer of coloured glass has been melted. 

Silicon monozide» SiO. - When a mixture of silica with silicon or 
carbon in the proportions SiO, 4 -Si or SiOgd-(> respectively is heated 
in an electric furnace, the mixture is completely volatilized at 
1400-1500^. that is, at a temi>crature far below that needed to 
volatilize either constituent alone. On slow cooling a brittle iilack 
Solid, of composition SiO, is formed, but has l)Oca proved by X-ray 
diffraction to contain only silicon and its dioxide. It may be 
inferred that while a monoxide exists as vapour it decomposes on 
cooling and solidification, 'fhe brown amon)hous powder produced 
by rapid cooling liberates hydrogen from water, and may retain 
some undecomposed monoxide: 

SiO l-HjO-SiOj+Hjf. 
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Silicon halidls. 

Silicon tctrafluoride^ can be made by the combination of 
tbe <^k‘mcnts, or by tlie action of hydrogen fluoride on silica. 'I'he 
action: 

SiOg-l i 311.0, 

is reversible, and evolves heat when carru'd out from left to right; 
it is tliereforc necessary tf» jjrejxiTC silicon flxu»ricle at as low a 
temporal ure as j)ossib1('. The eqiulibrinm is coni plicated by tlie 
f<»rmation of fliiosilicatcs (in which silicon has a covalency of six): 



2l‘ 



The fliiorklc is usually prcparc<l by boating a mix it in' of silica 
ari<l calcium fluoride with c^uicentratcd sulphuric acid, which by 
absorbing the water binned in the reaction promotes the fomiation 
of the tetrufluoride. The gas must Ixj purified from lij'clrogcn 
thmrifle by passing it through a long tube full of red-hot glass wool, 
with which the hydrogen fluoride; reacts to b»nn water and silicon 
flooride. It can la' obtained pure by heating barium fluosilicaie 
in n copper apparatus: 


BaSib; : Sib\ t 

Silicon tctratlnoride is a c<ilowrlcs.s gas which, unlike carbon 
tetralhioride, is itmnediatcly decomjKiscd by excess of water into 
silica and hydrogen fluoride, though under suitable conditions the 
ri‘\'crsc action takes place. The silicon tetrafluoride then combines 
vith the hydrogen fluoride formed by its hydrolysis to j>roduce the 
soluble acid, so that the total reaction is: 


3Sir4^ 2H20-Si0.i •! sHjSiFft. 

The deliverv-tulx! from which the gas issues should dip under 
mercury under the surface of the water, or it will be choked by tlie 
gelatinous silica productxl. 

FluOsiUcic acidt has not boon obtained pure, for on 

conceiUni ting the solution hydrolysis takers place and the solution 
loses hydrogen fluoride and silicon tetratiuoride. It is a strong 
acid whidi can be titr<atcd with caustic and in solution 

in tlic cold shows very little tendency to decompose into fluorides 
of silicon and hydrogen. The fluosilicates cannot however exist in 
strongly alkaline solution, but are decomposed according to the 
eiluation: 


SiF/+40H'=6FH-Si0;^ 
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I Ik* fluosilicatoR of the alkali-motals {oxcopt lilliium) and of barium 

jrr only soluble. 

Similar compounds are not known with baJo^ens otlior than 
ihuinnc: most elements display llirir maximum covalency in com- 
h! nation with fluorine. 

Silicon tetrachloride, SiCl^.—Unlike carbon, silicon will burn in 
. liloruio to form tlic tetrachlorUlc, which can more easily be pre- 
{ Mied by 3>assin?;' chlorine over a hot mixture of silica and charcoal, 
ir h H colourless liquid (boiling-point 57®) which is slowly 
liwlrolyscd by water with lliu for mat ion of silica and hydrogen 
• hkiridc: 

sia4f-i>H,o^sio.i -miia 

(contrast this lH*haviour with that of carbon totradii(»ride). The 
litpiid is uiiaiJVrtcd })y so<Iium, but when sodium is heated in the 
v.qjcjur silicrm is obtanu'd: 

4NafSia4- SM-lNaCl. 

In addition (o the letrachh)rkh\ silicon forms ci»m])Ounds Sijflg. 
bi.|t Ig, etc., with chlorine, which recall the higher chloralcb of 
1.11 bon. 

Silicochlorolorm, tricUorosilane, SiCl^II, is obtained hv hearing 
siheon, or bo Her copper sUicidc, in hydrogen chloride gas: 

Si+3lI(:USiHCl5 I H,. 

II is a volatile liquid which rc^mbles .silicon tetrachloride tnon? 
than chloroform; it is quickly hydrolysed by whaler and is more 
ir.irttve than chloroform. 

Silicon tetrabiomide. Si Hr 4, and sUicon tetraiodide, SiT^, arc 
colourless substances which resemble the tetrachloride, though tlic 
iclniodide is a solid. 

Silicon phosphate. —Silica dissolves with difficulty in hot phos- 
j^lioric aci<l, forming a compound whicli has the composition 
?'il\0-. T>v vxcess ot v>ater it is liyduilysed into silica and phos¬ 
phoric and. 

‘Silicones.’ - 1 lighiv polymerized orgaiiusilicon compKninds, 
known collectively as * silicones/ have become very ijn}>oriant 
commercial products durit^^ the last tew years. They are used for 
waterproofing, insulating, lubrication, and a wide vanctv of other 
purposes. 1 heir coll^titutlon is that of indefinitely extend'd chains 

' —O^SifCHa).—O- Si(CH»)2 O • 
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Subgroup 

Titanium, Zirconium, Cerium, Hafnium, Thorium 

[Note. —Cerium can l)c considered with the rare-earth group, but 
fits more conveniently into Group IV, as it has many features in 
common with thorium which distinguish it from the rare earths. 
U'ilh tlic exception of titanium, all the elements of this subgroup 
arc rare.] 


Titanium 

Ti’ST47*cjo. Atomic Nr/tn/jcr, 22 

OccurreDce.—Titanium was discovered by Grkgor (1791), and 
in<lepcndcntly by Klapkotii but the metal itself in a slate 

uf reasonable purity ba^ only recently l)cen pn*]>arcd. It is one 
of the most abundant of the metals, but though it is very widely 
diffused, ores rich in titanium arc uncommon, and until the recent 
increased demand for titanium they have not l>een worke d on u 
very large scale. 

'I'hc i>rinnpal ores arc an impure hinn of titanium dioxifh‘, 
found in North America and Norway, and ilmcf/iic. iron titan at c 
with excess of titanium dioxide, found chiefly in the United Slates, 
Brazil, and Soulbcm India. 

Uses.—In the form of Jcrro^dlanium, an alloy containing M>me 
80 per cent of iron, titanium has long been used for the ‘ rioansing ' 
of steel, i.c. for the removal of oxygen and nitrogen. This demand 
is satisfied by quite small quantities of titanium, but the develop^ 
ment of titanium pigments has greatly increased the output. 
Titanium paint is made cither from the dioxide or from barium 
titanatc, and has a greater covering power than white lead, is 
non-poisonous, unaflected by light, and unchanged by impurities 
in the atmosphere. 

Compounds of titanium are also used as mordants in dyeing and 
in staining leather. The tervalent salts—the titanous compounds 
—are pow'erful reducing agents and are used in the dyeing industry 
as bleaches for removing the colour from goods that have been 
badly dyed—‘ stripping,' as it is called. In the laboratory they 
are used in volumetric analysis. Titanium tetrachloride is used 
in smoke-screens. 

Extraction.— FerTO-litaiiiuni is made by two prveesses. If an 
alloy rich in carbon is required, ilnienite is reduced with carbon in 
the electric furnace. Feiro-titanium free from carbon is prepared 
by the Goldschmidt process. 

Many processes have been devised for the preparation of titanium 



GROUP IV 


589 

•'impounds. In the Monk-Irwik process ilmenite is ground up 
.rnd heated in water-gas. The product is a mixture of iron and 
I he dioxide of titanium, which is freed from iron by treatment with 
- lilute sulphuric acid. Tlie dioxide is then converted to the sulphate 
hv' fusion with sodium hydrogen sulphate, and the product is dis- 
'i>lved in water to form a solution from wlucli fairly pure titanium 
lioxido can Iw precipitated by boiling. In the American process 
))menite is dissolved in liot sulphuric acid, and tlic ferric salts are 
ihen reduced to the ferrous condition. Titanium dioxide can then 
ho precipitated from the solution by Iwiliiig it. 

'riTANiUM Compounds. —In its coni|xn»Kls titanium resembles 
silicon, but it is much more metallic and its compounds arc more 
'^rilt-like, while the titanales are less stable than the silicates. 
Silicon is never tervalcnt, but titanium h;i.s a well-marked scries 
til lervalent salts, which give a violet ion Ti’** in stjiulioii, and which 
sdino.what resemble tlic tervalcnt compounds of the neighbouring 
(‘lenient vanadium. 

The compounds in which titanium is quadrivalent arc the most 
stable, but they can \yc reduc<‘d by strong reducing agents to the 
lorvalcnt com])ourids, in which the metallic character of titanium 
IS most clearly shown. By continuing the reduction compounds 
nl bivalent titanhim can Iw obtained, but these are very unstable 
iuid liberate hydrogen from water, while some of them burn in air. 

Metallic titwnom. - The hard, very brittle metal obtained by 
reducing the tetrachloride with sodium is finely powdered, and, 
mixed with iodine, is placed in an evacuated chamber heated to 
about 200" and traversed by tungsten filaments electrically heated to 
ux)o^. On these the lirst-fonned and volatilized tetraiodide is 
hically dissociated, and rods of metal develop round tlie filaments. 
As the rods thicken the heating current is increased to maintain the 
icinperature. Tlie process amounts to a distillation of titanium. 
So prepared the metal Ls freely malleable and ductile. When heated 
to a fairly high temperature in air, it bums to fonn the dioxide 
TiOj, and at 800® it will also combine with nitrogen with incandes- 
to form titanium nitride, TiN. Titanium reacts with the 
halogens and the gaseous halogen acids to produce tlie tctrahalide>, 
but in hydrochloric or sulphuric acid it liberates hydrogen and 
dissolves to form a violet solution which contains the terv^ent iou 
Ti*” and is slowly oxidiz<*d by the air. 

OzidM. —Titanium mofioyide, TiO, is made by heating titanium 
dioxide with carbon in the electric furnace (compare tlie preparation 
of silicon monoxide). It is weakly ba.sic. 

Titanium sesquioxide, Ti^O^, is obtained by reducing the dioxide 
with hydrogen. When caustic alkali is added to tlie solution of 
a titanous salt such as TiCI^, a reddish-brown precipitate of the 
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hydroxide Ti(01I)3 is thrown down. It dissolves in sulphuric acid 
to Rive a violet solution of titanous sulphate, Ti2(504) 

Titanium dioxide, Ti02, the most stable oxide of titanium, occurs 
in an impure form in nature as rutile. It may be precipitated 
from titanic solutions by alkalis, or from solutions of titanates 
simply by boiling them (hydrolysis). At low temperatures the 
precipitate may consist of tlio tctraliydroxide Ti{OH)j, sometimes 
called orthotitanic acid, but X-ray diffraction fails to reveal any 
dcimitc Ijydroxidcsof titanium. It can be converted to the dioxide 
by strong heating. 

Titanium dioxide is produced when titanium burns in air or 
oxygen, and can be reduced to the metal only witli the greatest 
difficulty, in which it resembles silica. It is amphoteric and when 
in the hydrated form will dissolve in acids to produce titanic 
compounds, prolxibly giving rise to tlut colourless titanyl ion TiO ", 
and in alkalis to produce the titanales, whose characteristic ion 
is ‘i'iOa" or some more complex fonn. Titanic acid is so weak tlint 
the solubility of titanium dioxide in aqueoirs alkalis is very limited, 
and the titanales are l)est prejjared from the dioxide and fused 
alkalis or carbonates. Like silicic acid, titanic acid can in solution 
exist only as a ciJloid. ami is precipitated from solutions of titanales 
on boiling. 

ThelitaiMtes arc often found assexaated with the silicates: calcium 
titanatc occurs in the Ural Mountains, and ferrous titanatc, FeTiO:,, 
is the principal constituent of the mineral ilmenite. As a typical 
soluble titanatc we may mention potassium me la titanatc, 
K2Ti03.4H20, prepared from titanic acid and fused caustic jxitash; 

Ti(0H)4+2K0H=-KJi03-i-3H20. 

It is a a)lourlcss hygroscopic solid, whose solutions have a slronglj^ 
alkaline reaction from hydrolysis. 

Titanium irioxidc or peroxide, TiOj, in the hydrated form alsr> 
called pcrtiUinic acid, is obtained as a yellow precipitate by adding 
hydrogen ]ien)xide to a solution of titanium disulphate, Ti(SC)4)2, 
in sulphuric acid and then neutralizing with ammonia. Before 
tlie ammonia is added the solution is orange and possibly contains a 
por-acid. Since solutions of titanium disulphate are obtained by 
dissolving the dioxide in sulphuric acid, the net change may be 
represented: 

TiOjd-HjOs^TiOa+HjO. 

The orange-coloured solution is used as a test both for titanium 
and for hydrogen peroxide. The colour is destroyed by reducing 
agents, and the trioxidc is a fairly powerful o.xidizing agent which 
will liberate chlorine from hydrochloric acid. 

Titanioxn nitrides. —At a high temperature titanium wiU burn 
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in nitrogen to produce a nitride, and if titanium dioxide is reduced 
;n ammonia gas the oxygen can actually be replaced by nitrogen, 
a very unusual reaction: 

6TiOa-t 8NH3=6TiN+i2H.p l-N^. 

At lower temperatures the nitride of titanium is hydrolysed by 
•v.Lter with the formation of titaniuni oxides and amnion 1 a. It is 
i;okl(“n-brown in colour, und as hard as diamond. 

Halides .—The ielrahalidcs. —Tlu‘se are the most stable halides 
ul titanium. The tetrafluoridc TiI'V^Hp is a rolourlcss hygro¬ 
scopic sedid of definitely salt-like character which readily forms 
(omplexcs, called iluotitanates, with other fluorides: 

Tir^H-2F=^TilV- 

TUo fluotitanates arc stable roiiijxmiids which recall the fluo- 
^liu'atcs, and, like pohissium fluosiheale, ix^lassium flue titan ate 
IS only slightly soluble in water. 

The tetracliloride TiCl4 is one of the most important compounds 
(if titanium, and is obtained by the action of chlorine on the metal 
or on a mixture of its oxides with carbon {compare ahiminiinn), or, 
lictler, by heating the dioxide in the v:i]xmr of carbon tetrachloride: 

TiOj-hCt ^-TiCU (-CO2. 

It is a liquid boiling at 135^ and as it can be thoroughly puriliod 
has been used in the detennination of tlic atomic weight of titaniuni. 
Iti its behaviour with water it is intermediate between the tetra¬ 
chlorides of silicon and tin; the reaction gives out much heat, but 
hydrolysis is not complete and an equilibrium is set up between 
tiiniiyl ions TiO * and the products of hydrolysis, of whicli the final 
^(age is t!ie formation of Ti04"". the orthotitanate ion. On boiling 
tile solution hydrolysis is complclc, unless tlicre is a large excess of 
hydrochloric acid. 

The tetraiodidc Til4 readily bums in air, funning titaniujn 
dioxide and iodine: 

Til 4 H-Oj—TiOj-l 2I2 

The irihalides are not much less stable Ilian the tctrabalides and 
arc the most definitely salt-like compounds of titanium. When 
a hydrocliloric acid solution of titanium tctracliloride is reduced 
ivith aluminium or elcctrolytically, a violet solution Ls produced 
which contains iitanium trichloride, TiG,. The anhydrous salt 
I'.^rjns violet crystals, which are hygroscoinc and which, like their 
solutions, are readily oxidi7A*d and dcnixilorizcd by the air. Titanous 
f:hloride solutions are pow'erful reducing agents. The oxidati(ni 
potential of Ti ' /'l'iO" is (in N-acid) +n-ro volt. They will 
}ireci]oitate copper, silver, gold, or mercury from solutions of their 
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salts, reduce nitrates to ammonia, perchlorates and chlorates to 
clilorides, chromates to cliromium salts, etc., and are now used to 
aci increasing extent in the titration of ferric salts, which they 

reduce to ferrous salt.s, witi\ 
ammonium tliiocyanate as in¬ 
ternal indicator: 

Ti •H-IV' +H.O- 

XiO“+Fe"+2H\ 

They arc al^o used in the titration 
of organic nitro-compounds, wliicli 
ilioy red lire to aminos. As tlu- 
solutions arc oxidised by the air 
Btjrrtte ^ stored under liy- 

<lrogcn. as shown in tiie diagram. 
Nowo<bys titanous rhli >ride is 
usually replnccil by tilanous sul- 
]>hate, obtained by the electro! v tic 
ri duetion ol a .solution of titanium 
dioxide in sulphuric acid. In 
t ither solution excess of arid must 
be pjwsent to prevent hydrolysis. 
j'lC, t 27 , r.r -)-iiakoos Tihvints hromuic, Tilifj, is ])ro- 

C’ j I n >K > uk iLv j 11 >N s dll ced togetl i c r with the d i I >romi ch 

TiHfg when litanuim is carefully 
1 j e ated in 11 yd rogc n hron li <lc gas. lliese com {>oi i n ds are den m posed 
at higher temper a tun*s, the final product Ix'ing the tetrahromide: 

2TiBr3=TiBrg-}-TiBr4. TiBr5=Ti-(-TiHr4, 

Tlic dihffliJe,^ are very unstable compounds obtained by reducing 
{lie trihalides with liydn>gcn: 

2TiCl3 d-lL=2TiCU+2HCl. 

Titanium dichloride liisses Anciently when brought into contact 
With water, and liberates Indrogcn from it: 

TiCL+4H20==Ti(0ll)4H aHCl+Hsf. 

It also bums in air, Ruining the dioxide and the tetrachloride: 

2TiCl2H Os=Ti02+TiCl4. 

Sulphates.—The disulplmfe Ti(S04)5 is obtained in solution by 
boiling the hydrated dioxide with sulphuric acid. Wien elect ro¬ 
ly tic ally reduced it yields the violet solution of titanous sulpliatc, 
^13(^04)5, in sulphuric acitl used in volumetric analysis. 
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Zirconium and Hafnium 

Zr=9i'22; alomic nimher, 40. H{ .=178-5; number, 72 

Zirconium and Hafnium. —These dements arc separatci:! in 
1 ;i(' Group IV li.st {p. 556) by cerium» but they resemble each other 
“ closely that they will treated together, while cerium and 
Ijoiiiini, whid) also resemble each other, will be discussed in the 
u-si section. 

Zirconium was discovered by Klaproth in 1789 in an investiga- 
\u*n of the mineral zircon, from Ceylon, and was considered a very 
Mie element until 1892. when a new mineral, badJelcyite, from 
Krazil, was found to contain some 90 jwr cent of the dioxide. In 
s|)iie of this discovery zirconium may still be regarded as one of 
I lie scarce elements, as it is very little used in commerce and only 
MiiaJl quantities of the ore are extracted. 

Impure zirconia (zirconium dioxide) is also found in Norway, 
and Ls contained in the precious stone called jargon found in Ceylon. 
'l‘hc zircon ia ot commerce is, however, nearly all obtained from 
Ixiddelcyitc, which is finely ground and extracted with boiling 
liydrochloric or sulphuric acids, which remove most of the iron 
tuid titanium with wliich the zirconia is associated. 

The credit for the discovery of hafnium was the subject of a 
controversy into which we need not enter. Ukuain claimed that 
Uio new element was the sjime as an element which he identified in 
19TI and named ccltium, wdiereas the credit is generally assigned t(j 
^.osTliK and Hrvesv, who (niblislied their work in 1923 and were 
certainly tlie first to prejKire and investigate hafniiun compounds. 
I lie name is derived from Hafnia, the Roman name for Copenhagen, 
The conclusive evidence for the existence of the new element was 
its X-ray spectrum, which proved that its atomic numlicr must 
he 72 nnd that its place must therefore be among the elements of 
Group IV. The metal has since been showm to be rather less 
rare than was at first supposed, and accompanies zirconium in 
most of its ores, sometimes to the extent of nearly 30 per cent. 

Tlie close resemblance between element No. 73 and zirconium 
was pre<!icted by BouR, on the basis of his theory of alomic struct uro 
(Chapter X), before the discoveiy* of hafuium. He thus emulatctl 
the feat of Mcndcleeff. 

Zirconium compounds have not as yet attained much commercial 
importance. Tire dioxide ZrO, resembles silica in having a very 
low coefficient of expansion, and is even more refractory; it is 
therefore used to a limited extent in the manufacture of crucibles 
tor high-temperature work and fr»r lumace linings. Zirconium lias 
a fairly high atomic weight and hence a high ateorbing power for 
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X-ravs, and as ifs ronipoumjs are non-jwisonous they arc used 
hit dcTiuing the intestines of patients requiring abdominal X-ray 
examination. The patient swallows a preparation of pure zir- 
(.oniam dioxide, wliicti casts a heavy shadow in the X-rav photo¬ 
graph. (Hisimith nitrate is more commonly used for tlic* same 
Hafnium has as yet no commercial use. 

2IKCONIUM AND Hafsium Comi*ouki>s.—T lie very close resem¬ 
blance between thes<‘ elements can Iw paralleled only in the 
ncighl>011 ring laic-varth group, and was responsible for the long 
ficUiy in (he recognition of hafnium as a separate element. Their 
rompounds can be separatiKl only by the technique developed in 
the study of the nirc <‘arthR. and fractional precipitation or 
crystallization is generally eniploycil. The clicmUlry of hafnium 
compounds has not yel lx.*on exhaustively investigate<l. 

Both elements resemble 1itainun> and silicon, and in the pre¬ 
dominance of qtiadnvalency they arc mtema^diate between the 
two, for while tervalent compounds of zircoinutn arc kjif>\vii, they 
have not tlio stability of the corresponding compounds of titanium 
Zirconium is more metallic limn either silicon or lilaniuin, its oxiiic 
is more basic, its salts arc less liydrolysi'd in solntion. and it 
distinguished by a greater tendonoy to piodiico zircoayl crunpcninds, 
containing (he bivalent radical ZrO. which porliaps also exists in 
solution as a bivalent ion. 

Metallic ziiconium and hafnium.- In the prepviration of these 
metals tile same difficulties an* encounlen^d with titanium and 
the same method hxs been Muwssfnl: the reduction of the totra- 
cidondc with sodium, followed by * distillation * on to tungsten 
hi aments {sc’C p. 58^). Vor these metals the chamber temperature is 
Ooo^ Olid that of the filaincnls as high as 1800'’. 

Zirc<minm is a hard wliitc metal which will lake a high polisli: it 
can l>c worked as rasily ^ copjHT. It dissolves witli dihiciilty in 
acids, of wliich hydn>fhioric acid or phosphoric add are the most 
suit able. It w*ill combine, though not %'ery readily, with (‘xvgcu 
or nitrogen to f(»rm the dioxide or nitride, or with the halogens to 
form the tctrahnlide 

Oziues and hydroxides.—Only the dioxide and its hydrated forms 
are important. It can be obtained either by purification of zir¬ 
conium ores, or by burning the metal in oxygen, or by precipitating 
zirconium salts w'itli caustic alkali either as orlhozirconic acid. 
Zr(0H)4. or as metazirconic acid, ZrO(OH)^. It is amphoteric, 
and will dissolve in acids to give the quadrivalent zirconium salts^ 
or ui (used caustic alkalis to give the zircoiiates: 

Zr0,-)-20H'=Zr0/-fH,0. 

Its solubility in aqueous solutions of the caustic alkalis is only 
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flight, and the zirconatcs, as salts of a very weak acid, are strongly 
tivdrolysed in solution and have an alkaline reaction. In all these 
resi>ects zirconium dioxide resembles titanium dioxide: it cannot, 
hnwever, be reduced with hydrogen. 

Halides.—The tetrahalides are more salt-like than the corre- 
-poiiding compounds of titanium, and the lower halides are far 
inss stable and need not be considered here. 

T)ic tetrachloride ZrCl, is pre])arc<l by the two methods given 
tor preparing titanium tetrachloride, but it dillcrs from this com- 
[lound in being a crystalline stdid which sublimes at 300®. Wlien 
.nlfled to water it gives out much heat, but hydrolysis is not com- 
jjjcle, the product Ix^ing the soluble compound yarcunyl chloride: 

ZrCI,+ lI,O^ZiOC 1 j-| 2ll( I. 

Zirconium nitrate.— 1 'hc normal nitrate r.annol be obtained by 
iij>solving the dioxide in nitric aci<1, as the soluble compound 
/irconyl nitrate, ZrO(NO;^)2. is produced. 'Hie solutions arc much 
li)drolysed and slowly doiiosit a basic nitrate. 

Zirconium sulphate. - Hydrated zirconium dioxidii will dissolve 
in concent rated sulphuric ncid, and from the solution crystals of 
the sul[>liate Zr{S04}2-4Hp can be obtained by evaporalioji. 
This substance dissolves freely in water to form a solution with 
[►eculiar projx*rlies; it does not nrspond to the tests for the quadri¬ 
valent zirconium i(jji Zr**'*, and tlie molecular weight of the soliitt*, 
as delcnnincd by the freezing-point method, shows it to be disso- 
Muled into four ions. Moreover on ch*ct roly sis (lie zirconium is 
carried to the anode, which proves that it must l>c present in the 
allion, but the naluie of this anion is still uncertain. 


Ckkium and Thokium 

Ce=i.^O'i3; atomic number, 58. 111—232*05; atomic number, qo 

Ceiuum and Thokil’M.—I n some systems of classifying the 
r lenients cerium and even thorium an* included among the rare 
earths; but thorium is a normal meniN^r of the fourth group and 
cerium resembles it so closely that the elements are best considered 
together in this group. 

Cerium was discovered in 1803 in a mixture of rare earths, but 
thorium was not identified until 1824 (Bekzei.ius). For sixty 
years they were among the rarest and least important of the known 
elements, but in 1885 Auek von Welsbach invented the incan¬ 
descent gas-mantle, and thorium and cerium immediately became 
of commercial importance. A hurried search was at once instituted 
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for sources of supply beyond the scanty deposits of thorium- 
containing minerals in Norway, and a rich deposit of monazitc 
sand, containing about 5 per cent of thorium as phosphate and tlu‘ 
less important cerium phosphate, was discovered on the coast of 
Brazil, and remains to this day the largest source of thorium 
compounds in the world. For a time thorium rivalled coal and 
oil as the objcHrt of international intrig^ic, an<l the control of the 
industry passed largely into German hands, but since that date 
deiv)sits have Ixjen found at Travancore (in the south of India) 
and elsewhere. 

In all these deposits th<»riiim is associated with cerium <ind the 
rare earths: the tlK^riuin is extracted iwd the residues are the only 
important source of the rare earths, for which in recent years 3t 
luis been possible to iind some small c<jmmcrcial use. The lighlcj 
and worthless parts of the minenil arc first washed away by air 
or water while- the mineral is shaken on vibrating tables, and sonif 
kind of magnetic separation is then elfocted, as the thorium and 
rare-earth minerals arc altmctcd to a slight extent bv a magnet. 
The separated material is then shipped Xu the place of troalmmi, 
wluTe the thorium is extractoil. Since tlie properties of lliorium 
much resemble those of the rare earths, this is a diflicuil matter. 
The phosphates are first dissolved in hot concentrated sulplmri(' 
acid, the solution is diluted, and insoluble impurities arc removed 
The solution is then cautiously neutralized. Thorium is llic m<)st 
basic of all the metals present, hence practically the whole of it is 
contained in the first fractions of the phosphate precipitate. Th('M‘ 
fractions arc then fused with sodium carbonate and extracted witli 
water, wliich <lissolvos so<Iium ]>liosphale and leaves the insoluble 
thorium dioxide behind. 'Fliis residue is again dissolved in sulphuric 
acid and the thorium separated by one {or more) of three processes: 

(i) Fractional crjslaUizalion of the sulphates. 

(ii) Addition of excess of an alkaline carbonate: thorium remains 
in solution as a complex airbonale while the rare eartlis 
are precipitated. 

(iii) A similar process involving a complex thorium oxalate. 

The thorium is then precipitated as the dioxide and converted iu 
the nitrate, Th{N03)4.4Hj0, which is sold to the mantle manu¬ 
facturers. The residues from these processes, when it is no loiigei 
profitable to extract thorium from them, are worked up lor cerium 
and sometimes for other rare earths. Mesuthorium (p. 310) is 
also obtained as a by-product. Mixed with zinc sulphide it 
used on the dials of luminous clocks and watches. 

The iDcaudesceot Gas-mantle.— Before 16S5 coal-gas was burned 
without an air-supply at the jet, and the luminosity ol the flame, 
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s fdk as it was, was chiefly due to the unsaturated hydrocarbons 
•ru>stlv ethylene) present in the pis. Von Welsbach found that 
cotton mantle heated by a gas-jet gave out a fi*cble light which 
greatly intensified if thorium dioxide had been deposited on 
,1. in an effort to secure tlic best results he purified tlie thonum 
< 1 mpound used for this purpose, but discovered that purification 
K (luced the intensity of the light. Tlic effect was traced to cerium, 
.iiui von Wdsbach's best mixture, which contained 9c) per cent 
Uiorium di<ixkle and 1 jwr cent cerium du>xide. has never been 
improved on, and is still in use on the diminishing number of gas- 
inyntlcs that arc consumed every year. 

The fabric of the early mantles was made from cotton or ramie 
iibre, but artificial silk is now largely employed. The mantle is 
soaked in a concentrated s(»iution of thorium nitrate (with i per 
o'.ui cerium nitrate and various strenglhonors), wrung out, dried, 
and heated in a gas flame, which converts the nitrates to oxides 
and also causes the numtle to shrink. It is further strengthened 
ly soaking in collodion, and Is tested in a machine which 
administers up to six hundred shcicks a minute to the support. 

Uses 0! cerium. —Von Welsbach also discovered that certain 
alloys of cerium with the rare earths, when struck with hard steel, 
gave off sparks which could be used to light gas or petrol. He sold 
hijj invention for £30,000, and the various ^loys, such as ' Auer' 
metal, or ' Mischmetal/ are used in automatic gas-lighters and in 
rigarotte-lighters. The pyrophoric properties are improved by the 
atidition of some 35 per cent of iron to the alloy, which is made 
I))' electrolysis of the fused chlorides of the rarc-earlh metals, and 
\u which some two hundred tons of rare-earth oxides are consumed 
JH.T annum. Pyrophoric alloys are also attached to shells to define 
tlieir flight; the friction of the air raises them to incandescence 
''oon after leaving the gun. The only other industrial use of 
coriiiin of any importance is the preparation of electrodes for arc 
lights: tfie luminosity of carbon electrodes is improved by soaking 
them in a solution of cerium fluoride. 

Cerium and Thorium Compounds. —The chemistry of thorium 
simpler than that of any other element in the fourth grout?, 
juirtly l)ecause in nearly all its compounds it is quadrivalent, and 
jartly because it is the most metallic member. The oxide is not 
aniphcHeric and shows slight tendency to complex formation, but 
die thoryl ion ThO’*, recalling the rirconyl ion ZrO'’, occurs very 
Irequently. The quadrivalent compounds of cerium resemble those 
thorium, but are very much less stable, and cerium is most 
'table in the tervalent condition, as are nil other meml>cr 5 of 
the rare-earth family. The change Ce‘*" H-electron^Ce”* is 
asily reversible and is used in volumetric analysis (see ceric 
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sulphate); in Ihis reaction cerium resembles titanium and is the 
only rare-earth element to display a well-marked valency of four 
As is usual with the rare earths, the triitydroxide is a strong base, 
and the (tcrvalent) cerous salts are only slightly hydrolysed, 
whereas the tetrahydroxide is a weaker base than thorium hydroxide, 
and the eerie salts arc considerably hydrolysed and have to be kepi 
in solution by acids. The ceric ion is yellow, the cerous ion coloui- 
less. To its rare-earth character cerium owes the power of fonninji 
a normal carbonate (in which it is tcrvalent): this distinguishes it 
from all fUher meml)ers of the subgroup. Metallic cerium is ako 
the softest and mj>st reactive melal of the subgroup and has by far 
the lowest melling-jwint. 

Uetallic ceriom and thorium.— 'Cerium 1$ made by the electrolysis 
of a fused mixture of cerous chloride and fluorine. It is a soft 
grey metal, melting at 635®, which bums in air at ibo® with a light 
more intense even tlian that of magnesium, producing a mixture 
of the oxide and nitride. It liberates hydrogen from dilute acids 
and even from boiling water, and it combines with the halogens 
to form cerous halides. 

The electrolytic mclhod has not been successfully ap])licd to 
thorium, which is inaih* by rotincing the tetraeJilonde with sodium. 
It is an iron-grey iK>wder, melting ut about 1730^, winch \mrm in 
air at a rod heat. It will dissolve in acids but is unaffected bv 
water: heated in nitrt^gen it produces the nitride, ThjN^, and with the 
halogens tlu^riiim tctrahalidcs arc formed. 

O^des and hydroxides. — C^ous hydroxide^ Ce(OH)3, and cenc 
hydroxide, Cc(OH)|, are precipifaled when caustic alkalis are added 
to solutions of cerous and ceric salts: the former Ls white, the latter 
yellow. Ccro\is hydroxide is reatlily oxidized by the air to the 
eerie compound. Both hydroxides arc Ikisic and dissolve in acids, 
but not in alkalis, to give colourle.$s or yellow solutions respectively. 

Thorium hydroxide, Th{OH)4, is obtaine<l in a similar wav. No 
lower oxide or hydroxide is known. It is soluble in acids but not 
in alkalis. The anliydrons oxide ThOj has been used on the 
commercial scale as a catalyst for gas reactions. 

Bcfth cerium and th(»rium precipitate peroxides. CeOj,.nHj,0 and 
ThOa.wH^O, when solutions of their salts are treated with hydrogen 
peroxide. 

Halides. —Since (he oxidation potential of (he reaction Ce** *--^Ce 
is sufficient lo discharge all the halide ions except fluorides, the only 
tctrahalide of cerium is the fluoride CCF4. 

Cerous chloride, CeCig, is made by heating the oxide in the \'apoui 
of carbon tetrachloride, and is a colourless solid melting at Syf. 
and soluble in water to give a nearly neutral solution. Ceric oxide 
will dissolve in liydroclfloric add only if a reducing agent is present, 
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:\na ceric chloride is unknown, but ceryl chloride, CeOCI..ioH20, 
lias been prepared. 

Thorium tetrachloride, ThCl^, is prepared from the oxide by the 
methods used for the chlorides of titanium, zirconium, and cerium. 
I horyl chloride, ThOCl^, is an intermediate product of the reaction. 
The tetrachloride is a very hygroscopic solid of high melting-point 
iml unmistakably salt-like character: it is insoluble in most organic 
xnK’cnts and is ionized in water. 

Sulphates.— Cerous s%dphale, Cc^{SO^)^, is obtained by dissolving 
;he Irihydroxidc in sulphuric acid. When ceric oxide is boiled with 
umcentrated sulphuric acid a deep yellow jwwtlcT is obtained— 
(cric sulphate, —readily soluble in water. The solution, 

which should contain Ircc sulphuric acid to prevent hy<lrolysi.s, is 
yellow in colour and is finding an increasing use in volumetric 
analysis: in colourless solutions no indicator is required. The 
solution has an oxidizing potential (+1*^ volts) about equal to 
that of potassium pcTinanganate, aiul it luis the advantages that 
it is stable and that it can be used in dilute (though not in con- 
rontrated) hydrochloric acid. Its principal use is in the oxidation 
of ferrous to ferric ions, which giv(*s exact results: 

Cc - +Fe* ^Cc Fe-‘. 

Thorium sulphate. rh{SO^)„ is prepared from the dioxide and 
sulphuric acid ami w very soluble in water. The solution has a 
slight acid reaction iroin liydrolysis, and if titrated against a strong 
base with phenolphthalein gives an end-point corresponding with 
the formation of thoiyl sulphate, Th0S04: 

Th' -I 20H =ThO ‘-fHjjO. 

Nitrates.— Ceric nitrate is unknown; the cerous compound, 
<;e(N0jj)ji.CH20. is obtained from the trihydroxide and nitric add. 
Thorium 7 iitrale, Th(N04)4.i2H20, is made from the dioxide mid 
nitric acid; thorium comes into commerce in this form. 

The radioactive properties of thorium have been described in 
Chapter X. 


Subgroup B 

Germanium, Tin, and Lead 
Germanium 

Ge“72*t). Atomic Number, 32 

Occurrence.—In 18S6 Winkler analysed a recently discovered 
mineral, argyrodite, from Saxony, and was unable to make his 
analysis total correctly: he found 93 per cent instead of 100 per 
cent. The discrepancy was proved to be due to the presence of 
u 
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a n<tw eU'mriit whiclt he called germanium', argyrodite is a double 
sulpliide of gormanhmi and silver, 4Ag2S.GeS2. 

In many respects germanium is intermediate between silicon 
and liji, and its properties were found to l>o in excellent agreement 
with the i)redictions of Mk.ndki.ekI'K (p. 302). It also has some 
reseniblanro with arsenic, though its conijx>unds are not toxic. 
It is tlie first definitely metallic member of ihc series C—Si—(j<* - 
anti has a stable valency of four and a loss stable valency 
of two. ‘rho bivalent gennanous sails are reducing agents which 
will bleach litmus and reduce* chroiitatos or ]>ormanganates. 

Traces of germanium have l>een fourtd in many substances 
(including the mineral water a( Vichv), but few abundant sources an* 
known, and the supplies td argyrcKlite arc exhausted: it is therefore 
one (j{ Uio rarest of the elements. Residues from 7.inc smelting an* 
the cl lief ])res<‘nt stmree. 1‘hc rwent discovery ol the uses ol 
germanium in electronic rectifiers and in tlu^ so-called transist<irs 
has much stimulated search fiir sources and methods of extraction. 

Elementary germanium, -(iemianiuni is inculo by heating the 
dioxide in hydrogen at So formed it is a light, very britlle 

elcme/it, melting at 058'’. and with the diamond crystal structure. 
It docs not readily dissolve in ac'ids (except nitric acid), but \\ill 
liberate hydrogen from fused caustic potash. 

Hydrides,-- GVrwtf mow Ultahydrule, GcH^, is ii gas produced iu 
jxKir yield when germanium solutions are ledured with nascent 
hydrogen. It is decomposed into its elements by heat, and n* 
semblos silicon lelrahydride, but is less .stable. Coin}>ouiuLs tieJ*I„ 
and Ge^H^, recalling the higher hydrides of silicon, arc also known. 

Oxides and hydroxides.— Gemianous hydroxide, Ge(OH)g, is pro¬ 
duced as a yellow solid by the action of water upon gennanous 
chloride. It is said to be amphoteric, and will certainly dissolve in 
acids to give germanous salts, but no convincing evidence has been 
advanced for the existence of gcmianites. On heating (in nitrogen) 
the hydroxide ji<’lds the black monoxide, GeO, which is readily 
volatile at 700'^, and iot this rexson is troublesome in reducing the 
dioxide to the metal. 

Germanic oxide, GcOj, is obtained by heating the lower oxide in 
air, or by the hydrolysis of germanic compounds. It is a white 
powder nearly insoluble in water and is amphoteric, but the acidic 
cliaracter predominates. The position of germanium between tin 
and silicon is emi>hasizcd by the fact that its dioxide is dimorphous, 
one form being similar to cassiteritc, SnOg. and the other to quartz. 

Halides. —tetrahalides are volatile covalent compounds, 
soluble in organic liquids but hydrolysed by water. The hydrolysis 
is, however, incomplete, and the brides are less hydrolysed tl»an 
those of siliam. 
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Ccrnianium ieirafluotidc, GeF4. is a colourless fuming gas prepared 
|)y lioating barium fluogennaiKite, BaGeF^, to 700®. It boils at 

I5^ Barium fluogermanate is j>rccipjtatc<l by adding a barium 
‘, lit to a solution made from germanium dioxide and hydroliuoric acid. 

(ii:rmanous chloride, GeClg, resembles stannous chloride, but is a 
Mlonger reducing agent. 

hcrinaiiochhrq/ortH, GeHCls^ is prepared by passing hydjogen 
[iloride over warm gcrmaniuin. It is a liquid which is hydrolysed 
!•', water to form germauous hydroxide. 

Sulphides.— CennafioUs^ and germanic sulphides can Ix' ])reci[)ilatcd 
hv hydrogen sulphide from gennanous and germauie soJuUons. 


Tin 

Sn- ii8*7. Atupme Nuttiher, 50 

History.—If. as has been suggested, the Latui siafinum is derived 
\r>i\n stan, the Pliocnician nana* for tin, the word was wrongly 
apiilicd by the Romans, for ‘ stannum* apixars. to have 
l)a'n an alloy. The Latin name fur tin wius plufvbnm randiilu-fu. 
i.e. ‘ while lead/ and in Roman times the meui is supposed lo 
ij.ivc been shipped from the Scilly Islands and Cornwall by Phoeiii- 
< nil traders. ITie apparent similanty lietweeii tin and lead was 
U)e cause of much confusion in ancient limes, and it is frequently 
diflicult to decide which of the two metals is indicated when the 
birigle word plumbum is used. 

The use of bronze, which is an alloy of copper and tin, dates from 
j^ichistoric times, and was well established in ancient ligypt, 
\t<\so|iolamia, India, and Chiiia. Its discovery was no doubt 
-u^iadental, due to the smelling of a natural mixture of copper 
and tin ores; but early man soon discovered its composition, and 
Uii ore deposits were then systematically exploited. The earliest 
defnnle records of tin-working in England are of the year ik^S. 
1 lie tin was smelted twice, once near the tin field, and again—for 
refinement—at special places and in the presence of the officers of 
du* Stannaries, e.g. at Bodmin, Lostwithiel, Truro, and Tavistock. 

The allotropic modification of tin. known as grey tin, was first 
ixniced by Aristotle (384-322 n.c.). 

Occurrence.—Tin is less abundant than its extensive use might 
load one to suppose; less abundant, for instance, than titanium. 
The only impoTiant ore Is the dioxide SnOj, which occurs in an 
impure form as cassiterite tinstone, or Hack Hn, in the Malay Penin¬ 
sula, Bolivia, Mexuo, and elsewhere. The Malay Peninsula 
accounts for about a third o 1 the world production. The tin mines 
' f Cornwall have been worked for centuries, but are now unimportant. 
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Extraction. —The ore is crashed, and sand or earthy matter 
removed as far as possible by washing. The concentrated ore is 
then roasted, to convert arsenides and sulphides to oxides; the 
arsenic may be condensed from the vapours as arsenious oxide. 
After the roasting the ore is sometimes freed Irom iron and tungsten 
in a magnetic separator; this avoids losses by alloying at a later 
stage. The ore is then well mixed with anthracite and heated in 
a reverberatory furnace, llie molten tin collects at the bottom 
and is run off and cast info blocks (' block tin ') which are abt>ut 
Q 0"5 cent pure. The slags arc usually worked up for tin in 
bkist-fnrnaccs. The metal can be refined by heating it on a sloping 
bed, from which llic molten metal runs; it is then stirred with 
green wood and skimmed. 

Large quantities of tin arc recovered Irom tinplate by electrolysis. 
The scrap tinj)lale is held in a wire basket and made the anode in 
a boiling solution of sodium sulphide, which is strongly alkaline 
by hydrolysis, The tin dissolves and is recfivercd from the solution 
in a state of purity by electro-dc|)osition on a tin cathcKle. In an 
alternative metlunj the scrap Is exposed to chlorine gas, which 
converts the tin to the volatile stannic chloride. 

Tin is used almost exclusively as the metal or in alloys. On 
account of its resistance to corrosion it Is used in the manufacture 
of tinplate articles, which are made of steel dipped in molten tin 
and then pressed between milors. Tin is malleable enough to bo 
pressed into foil, which is used for wrapping cigarettes, confectionery, 
etc, (‘ silver paper It is the best metal [excluding the plalinuni 
group or the precious metals) for use in stills for conductivity-water; 
it is quite unaffected by a mixture of air and water, even when the 
latter contains ammonia in solution. 

The alloys of tin arc of great commercial importance Pezs>cer 
contains about 75 per cent tin and 25 per cent lead. Bronze, 
bell-metal, and ^n-metal are allovs of tin and copper in different 
proportions. 7 in atnalgam is used in mirrors. Among the low- 
molting alloys solder is pcrha]>s the most important; it may contain 
tin and lead in almost any proportions—pure tin, indeed, can be 
used for soldering. Most alloys with low melting-points, such 
as those used in linotype' machines, contain tin and lead as 
ingredients. 

Properties. —Tin is a lustrous white metal which is not corroded 
by air or water. In hardness it is intermediate between lead and 
zinc. It b ductile, and can be pressed into foil or drawn into wire. 
The crystalline structure can be demonstrated by etching a tin 
surface with a mixture of concentrated hydrochloric acid and 
chloriiie. If a bar of tin is bent, a faint sound called ‘ tin cry ' is 
* Much 'silver paper* is now cnailc of aluminium foiL 
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lirard; it is believed to be due to the nibbing of the tin crystals 
T'^^etluT (but see Nature^ 1932, passim). 

It has been mentioned on p. 261 that tin exists in two allot Topic 
timclihcations with a transition-point at 13®. A lurtlier allotroi>c 
\ aiieci 3'-tin exists above l6l®. Tin mtils at 232®. After some hours 
flu* molten metal becomes aiatcd with a him of oxide, but d(xis not 
hum till heated to 1500® or thereabouts. 

The standard electrode |x> 1 ential ot tin is —0*14 volt; it dissolves 
j.iirly readily in acids 10 form stannous solutions. With dilute 
hydrochloric and sulphuric acids the action is slow, but rajiid with 
ilie concentrated acids, With tHIute nitric acid the products arc 
^lamious and ammonium nitrates. With stronger acid the stannous 
lilt rate is oxidized to hydrated stannic oxide, and with very ron- 
»entrated acid a protet'.ting layer of this substance is formed 
immediately and very little action takes place. Tin dissolves 
slowly in boiling solutions of the alkalis, forming stannates and 
111 lerat i ng b yd rogen: 

Sn+20H'+H,O=SnO/+2H, f. 

Tin CoMrouNDs.—Tin has two valencies, two and four, of which 
I lie latter is rather more stable, as the stannous comjKmnds are 
lairly strong rctlucing agents, ut any rale in solution. This is an 
important diffetence between tin and lead. While the stannous 
c ompounds arc salt-like in character tlie stannic compounds arc 
largely covident, though in water the hydrated stannic ion can 
exist. Tlie acidity of the amphoteric stannous liydroxidc, Sn(OH)j, 
Ks inlennediatc between that of the distinctly acidic germanous 
liydroxidc and the feeble ackhly ot plumbous liydruxidc, in wfiicli 
Ivisic properties ]>red^»jiiinatc. 

Hydrides. —Tin h\dridf, SnH^. is an unstable gas which can be 
pieparcd in poor vivid by cathodic reduction of tin solutions. Tlie 
gas is very easily diss<H:iatcd. 

Oxides and hydroxides. — hydroxide^ SnfOH)}, is obtained 
as a white precipitate by the action of alkalis on stannous solutions, 
if the solution is boiled the hydroxide loses water and is converted 
lo black crystalline stannous oxide. SnO, which can also be obtained 
by heating the dry hydroxide in the alwence of air. When heated 
in air stannous oxide evolves heat and is converted to stannic 
oxide; at a red heat it will reduce steam. The oxide and hydroxide 
are insoluble in water and ammonia solution, but will dissolve in 
acids to form stannous salts or in alkalis to form staimites: 


Sn0+20H'^Sn0/+H^0. 

If the alkali is very concentrated a stannate and tin are slowly 
formed: 2Sn0+20H'=Sn0/+Sn ; +H, 0 . 
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As might be ex}>ectecl, the stannites are reducing agents; they are 
known only in solution. The solutions absorb oxygen from the 
air to form stannates: 

aSnOj' -f 2SnO/, 

and if they are boiled, tin is precipitated uiul a stannatc remains in 
solution: 

2SnO/d llgO^SnO/d Sn | H-iOH'. 

Stannic oxtiic\ SnO*, associated with varying amounts of water, 
is olitaincd as a white precij)itate when stannic solutions are made 
alkaline, or by their spontaneous Jiydrolysis: 

2lIjOv-SnO«|+4H , 

or by oxidi/.ing tin with Iiot conanitnitcd nitric acid. It is also 
prccipitiiU’d when stannous .solutions arc exixis^'d to the air: 

2 Sn’’ ! 2 H ,0 I O, jSijO. I + 4 H‘. 

The anhydrous oxkh* can be mad<* by burning tin in oxygen or air. 
In the lincly-divklcd stale it is used for making enamels oixiquc. 
The anhydrous oxule is insoluble in acids or alk^is. but on fusion 
with caustic ulkalLs or rarlxmates yields a soluble stannatc: 

Sij0,d20H'. SnO./+np. 

The product obtained from stannic solutions is more nniclive than 
that formed by 4)xidi^ing tin with nitric acid, and it was formerly 
considered that ‘ stannic acid' could exist in allotropic ionns. 
However, X-ray diffraction has failed to detect any essential 
difference between the [iroducts, wliich are both to be regarded as 
iiydrated stannic oxide, no doubt with difTereiit ]>article si/a* 
depending on the method of preparation. Stannatc solutions are 
hydrolysed: even carbon dioxide will precipitate stannic oxide 
from them: 

Su 03 "H- 2 H‘-SiiOsi +H, 0 . 

The stannates, which find u'^e as mordants, occur in two series, 
excmplifii'd by the salts KjSnfOil)^ and K^SnOj. 

Halides. —The hydnitcd stannous halides arc ionic comj>ounds 
with reducing properties, the stannic hnlide.s are covalent and are 
largely, if not entirely, hydrol^'sed by water. The action of the 
lialogen on tin in^'ariably produces the tetrahalide. 

SianJions chloride, SiiClj.—Solutions of this compound are made 
by dissolving tin in hot concentrated hydrochloric acid. If exposed 
to the air the sohition.s absorb oxygen and precipitate stannic 
oxide, and hydrolysis also takes plac<^ on eva]x>ration to dryness, 
with the formation of stannous oxide. To prevent hydrolysis the 
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for use in the laboratory as a reducing agent is always ke;)t 

acid. The first proiluct of cvap)ration is the dihydrale SnCl5.2H^O, 

\sliich under the name of Un %aU is used its a mordant. Tlic anhv* 

% 

irous chloride can be made by heating tin or stannous sulphide in 
hydrogen chloride gas: 

bn-f 2HCI SnCl^H-Hj. SnSH-2HCJ?s-SnCl2“f lIjS. 

riic anhydrous salt melts at 245® ami Ixnls at tK/)® (comj)are the 
rovalont tetrachloride)^ and the vajK>ur density shows evidence 
of slight association. 

Stannous chloride is extensively used :is a reducing agent. It 
will reduce chromates to chromic suits and |>erinanganat(is to 
manganous salts. With nilric acid hydroxylamine, can 

\k- obtaineii; indeed, this is one of the methods of pro]xiring hydro- 
wlatnine, but the conditions must l>e carefully controlled. Stan¬ 
nous chloride will precipitate mercury, silver, <ir gol<l from solutions 
nj their salts (as in the preparation of purple of Cassius), I nit on 
(he other hand c:in be reduced to metallic tin by such metals 
/me, aluminium, or even lead. 

Solutions of stannous chloride for use in volumetric analysis 
must be kept under hydrogen to prevent atmospheric oxidation: 
If^r this reason they aie not often used. When stannous chloride 
is used as a reducing agent stannic ehlorido is produced. In the 
l>rcsence of a sufficient concentration of hydrwhloric acid it will 
n'll lain in solution, but is otherwise hydrolvsetl and precipitated as 
<lioxiflc or oxychloride. 

Stannic chloride, SnCI^, is prepared by burning (in in cldorine. 
If the metal is finely divided or in the form of f<jil the action lakes 
place spontaneously. It can also be prepared by heating stannic 
ovicle in carbon tetrachloride vapour (compare titanium, zirconium, 
olc.). It is a coIourles.s liquid, freezing at —33® and boiling at 
114®. Its volatility, solubility in organic solvents, and negligible 
‘ Icctrical conductivity all point to a covalent character. On the 
Ollier hand its aqueous solutions contain some chlorine ions, and 
(ho compound ap|x?ars to ionize by combination with water: 

SnCl4+5lI,0”'(Sn.5H*0)‘ ‘+4tT. 

The increase of size by hydration stabilizes ilic stannic ion (p. 341). 

Hie hydrolysis of stannic cliloride^ is slow and reversible: it yields 
stannic oxide and hydrogen clilonde: 

bnCl^+aHjO^SnOjI 4-4HCI. 

'I he addition of hydrochloric acid to the solution reduces the 
hydrolysis not only by reason of its acidity but also by forming 
complex ions: 

SnCli+zClVSnCI,/ 
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Ammonium chlorostannatc, {NH4)4SnClg, was once mvd as a 
mordant for madder dyes under the name of pink sail. The 
fumin/^ of stannic chloride in moist air is due to hydrolysis. 

Stannous iodide, Snij, is only sliglitly soluble in water and is 
precipitated as a yellowish-red substance when iodide and stannou> 
solutions arc mixed. It melts at 320®. 

Slauntc iodide, Snl^, obtained frunj tin and iodine, which combine 
witli vigour, melts at 14^® and lx>ils at It is soluble in organic 

liquids and hydrolysed by water. 

Sulphides .—Stannous sulphide, SnS, is a dark brown or black 
precipitate obtaine<l by the action oi hydrogen sulphide on stannous 
solutions, liT by heating tin and sulphur. 

Stan me sulphide, SnSj, cannot he obtained by the action of sulphui 
on tin, as this reaction produces I ho stannous coinpouiul, but can 
be mafic by healing a mixtun* of tin and sulphur with ammonium 
chloride. If heated too strongly it clecomjxjscs into stannous 
sulphide and sulphur. It is a bright yellow compound, formerly 
much used in the pr**paration of gold paint under the name of 
* mosaic gold.' It can he sublim<Kl without dccompositiou. 

Ttuo8Uuindtes.--Whcn stannous sulphide is treated with a con¬ 
centrated sulphide solution it dis.solves to form a thiostannate, and 
tin remains. This may compared with the action of concentrated 
alkalis on stannous oxide: 


2SnS+S*—SnSj' + Sn | . 
2SnO-f-20H'“SnO,'-pSn j +H-iO. 

StannfHis sulphide is completely soluble in ammonium polysulphide, 
with which it forms a thiostannale and other products: 

SnS+S j'—SnS3 

The same substance is produced when stannic sulphide dissolves 
in sulphide solutions: +S*-=SnS ' 


The solubility of stannous sulphide in polysulphide solutions is 
the basis of one method of separating tin from related dements. 
Stannic sulphide is reprecipitated from thioslannate solutions by 
the addition of acids: 


SnS3'+2H'=SnS. j +H,S t. 

Sulphates .—Stannous sulphate, SnS04, is obtained in solution by 
dissolving tin or stannous hydroxide in sulphuric acid, and in the 
free state by evaporating the solution under reduced pressure. 
The solution is hydrolysed, and readily deposits basic salts. 

Stannic sulphate is not known in the free state. Certain hydrated 
forms of stannic oxide can be made to dissolve in sulphuric acid, 
and by evaporation of the solution the dihydrate Sn(S04)^.2H40, 
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)T perhaps H2[SnO.(S04)2], is obtained. It is soluble in water, but 
Uie solutions soon deposit stannic oxide.* 

Nitrates*—Ncitlicr stannoas nor stannic nitnitc can be obtained 
tree from water of crystallization. If the hydrates arc heated, 
[ \ cirolysis takes place and oxides of nitrogen are ttvolved. 


Lead 

Pb«207“2i. Atomic Numhet, 82 

History.—Lead has been known from very early times, and was 
called plumbum nigrum by the Romans to distinguisJi it from 
phmhum cafididum, tin. The lead mines of Britain were worked 
as t*5Xrly as the first century a.d., and lead cofiins of Saxon ape have 
hoLii discovered. Among the alchemists, lead was regarded as 
.in imperfect metal—conn>oscd <»f an earthy sulphur and an un¬ 
digested mercury—^aiul was known as Saturn, on account of its 
supposed sympathy with the qualitKss of the celestial Saturn. 

Occumnee."^Though not abuiulant, lead occurs in many different 
pans of tiie world, chielly as galena, an impure (on 11 of lead suiphidc, 
PhS, though sometimes na (he oxide or carlx>nate. It is often 
ii'^sociated with silver, and silver is recovered from lead residues 
(p. 468). 

The UnittMl Stales, Mexico, and Spain arc, in that order, the 
w<aid's principal productrrs of lead. Many mines previously 
worked in England and Wales have lung l)een abandoned, and the 
disused workings are familiar features of the countryside in parts 
uf Yorkshire and other counties of the north and west. 

Extraction.—Galena is roa.stcd until the lead sulphide has all 
lH*en converted to lead oxide or lead sulpliatc. The resulting 
tni.xtuie is tlicn heated wnlli more galena in a restricted supply 
nf air, and sulphur dioxide is given off, leaving lead, which collects 
<\{ the bottom uf the furnace in the molten state and is run off: 

PbS-l-2Pb0=3Pb+S021 and PbS+PbSO^::=2Pb+2S02 f, 

In a modification of the process, the roasting of the galena is made 
Ui yield principally the oxide, which is then reduced with coal: the 
slag from the first process is sometimes treated in this way. 

Properties.—Lead is a bluish-grey metal, lustrous when freshly 
cut, but rapidly tarnishing in the air. When quite pure it has no 
bluish tinge, and lead which has betsn distilled in a vacuum keeps 
its lustre indefinitely as long as air is not admitted. It is the 
densest of the common metals, and has a comparatively low mclling- 
poinl (327®!, not so low, however, as that of tin. It boils at about 
If malleable, and can be rolled into thin sheets 
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(lead foil) or squirted into piping. It can easily be obtained in 
the form of large crystals by elcctro-dc|X)sition or by slow cx)oling 
of llie liquid. Lead will mark paper; * lead * pencils, however, 
contain not lead but graphite. 

Owing to the ease witli which thick sheets of lead can be mani¬ 
pulated they are much used in roofing and in making cisterns and 
rain-water ])ipes. Lead is only suj>crtioiallv oxidized by air and 
water, but drinking-water must not be earned in lead pii)es if it is 
below u certain degree of hardness, as it may then dissolve dangerous 
quantities of the metal. Lead is als<j us^ in sulpliunc acid con¬ 
tainers and in accumulators. The alloys of lead include solder, 
pewter, and the various tyi)c-metals: bullets are made from an 
alloy of lead and nickel. Ixad oxide and lead carbonate are used 
in paints and glazes, and lead tetraethyl. Pb(CjjH4)4, is added to 
petrol as an ' anti‘kn(x*k.’ 

Lkai> Compounds. —Lead, like tin, has vidcncios of two and four, 
but in its bivalent cx>mfK)unds it is electro valent, in its quadrivalent 
c«uiipounds usually covalent; tliere is no quadrivalent lead i<m. 
l^iuinbous livdroxide is a stronger base than stannous liydroxule 
and a weaker acid, nevertheless solutions of load salts have a feebly 
acid reaction from hydrolysis. The bivalent compounds of lead 
have no reducing projicrtics. Ixrad also <lilfers from tin in the 
ins<ilubility of its halides and sulphate (but see .stannous iodide), 
and in being rather more clectro|X).sitivc. It will displace tin from 
its solutions. The oxides of tin and lead arc also very diffcrenl, 
and lead dioxide is the least stable of the dioxides of all the Group IV 
elements; it is a strong oxidizing agent. 

Lead compounds are poisonous, and when taken in minute doses 
remain in the body; lead is therefore a cumulative poison. Workers 
in lead mines and in factories where lead is used have in the past, 
and even in the present day, suffered much from lead-poisfming, 
but the prevalence of poisoning is now much reduced by the use of 
dust-CO I lectors. For centuries lead oxide was used to remove the 
acidity of wine which had become sour, until m the seventeenth 
century the danger of the practice was recognized. Mei.lor tell.s 
us that a cabman whose first glass of beer every morning at a public- 
house was drawn from that which had been standing in lead pipes 
overnight finally suffered from lead colic. 

Lead is probably the only element, other than hydrogen, whose 
isotopes are kne^wn to be partially segregated in nature {p. 318). 

Lead combines with the halogens less readily than does tin. and 
is then converted to bivalent compounds. It is scarcely affected 
by hydrochloric or sulphuric acids in the cold, but will readily 
reduce hot concentrated sulphuric acid to sulphur dioxide. It 
also dissolves readily in hot dilute nitric acid, yielding oxides of 
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T ifrocrcn, nitrogen, and sometimes ammonium nitrate. With 
, 1 neontrated acid the action is less rapid, as a film of lead nitrate. 
iTi soluble in concentrated nitric acid, protects the metal from attack. 

Lead hydride, Pbll^, has been obtained in minute yield by an 
. < trolytic reduction process. It is a very unstable gas {h.p. —13'). 

Oxides and hydroxides.—Lrai/ monoxide, litharge*. PbO. Wlirn 
an alkali is added to solutions of lead s;ilts, white l<‘ad hydroxide, 
11 ►(Olllg, associated with varying amounts o{ water, is precipitated; 
;i;i boiling the solution it loses water and is converted to the yel¬ 
low ish-red substance litharge, PbO. The oxide can also W. made 
ijy the slow atmf>sphcric oxidation of molten lead, or by beating 
Ic.i'l nitrate: 

2 rb(N 05 )g-.- 2 PI) 0 + 2 Ng 041 H Og t • 

It IS practically insoluble in water, but when moist has an alkaline 
icacliun to hlnms. It is readily soluble in acids, fonning lead 
^ ilts, and is also M»lu1>le in hot alkaline solutions in which ]>lunilntis 
'night be siijiposed to e.xist: 

Pl)OH 20 ir^Pb 0 / I HgO. 

Although Iheir existence in solution lias commonly Iven assumed, 
it IS remarkable that no examples <if salts of su|>posed stannous or 
plumbous acid.s have yet I wen isolated. P'ormulue assigned lluun 
an* therefore sp^’culative. 

lA'iui sesquioxtde, Pbj03.3Hy0, is precipitated Irom solutions <;( 
sdts by solutions of hypochlorites: 

2Pb H- 4 <nr 4 cjo'-i'bA + +cy \ ziuo. 

It IS a yellow substance which in its beliavioui with acids resembles 
.1 mixture of the monoxide and dioxide. 

Triplumbic tctrvxide, red le;ul, PbjO^, is obtained by heating 
litharge in the air above 400®, though the product of this process 
iiJiiy not have the exact composition uidicateil by the formula. 
It IS a bright red substance which cKxrurs native in small quantities, 
.iiid has long been used as a pigment. X-ray analysis proves it to 
an association of PbO and PbO^. It darkens on heating but 
regains its colour on cooling. 

Lead dioxide, lead peroxide, PbOg, is obtained from red lead and 
Mil he acid (Pb304+4H*=2Pb’’-l PbOjj -J-zHgO), or by the action 
d hydrogen peroxide on alkaline lead solutions, or by oxidizing with 
a halogen litharge suspended m dilute alkali. It can easily be 
prepared quantitatively by anodic oxidation of lead solutions. It is 
black or brown in colour and is insoluble in water. 

It is a powerful oxidizing agent and is easily reduced by hydrogen 
un gentle heating, hrst to litharge and then to lead. On heating 
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with liydroKen chloride, in the free state or in solution, chlorine, 
plumbous chloride, and water aro produced: with hot concentrated 
sulj)hiiric acid, plumbous sulpliatc and oxy^^en. Lead dioxide 
reacts witli isisily oxidi>uibIc substances like sulphur, phosphorus, 
or suj^Mr with incandescence or explosion. 

L<'ad di<ixide may be regarded as tlie anhydride of orthoplumbic 
arid, lLP!>(OH)c. It is only slightly soluble in alkaline solutions, but 
wlien lubcd with caustic j>otash forms a plumbjite soluble in water, 

PbO,ri2KOH - K^PhO.-fH.O. 

On dissolving the plumbate in concentrated alkali, and crystulliring 
by careful evajwalion, the s;ilt KjPbfOlI)^ is obtained, whic'h 
at iio“ reverts by the loss of water to the anhydro-jiUimbale 
KaPbOa (cf. p. ^>04). The plumbates readily dejxjsit lead dioxide 
{(•nned by hydrolysis, and on healing lose oxygen. 

The use of lead dioxide in accumulators has already been 
descril^ed (p. 269), 

Lead carbonate* PbC03, occurs in nature as UaJ-^par or cerusistu. 
Sodium carlxinate precipitates a basic carbonate, white lead, 
aPbCOj.PbO.HjO, from lead solutions, and (0 obtain the normal 
carbonate a less alkaline .solution must be used; a .s<;lution of 
sodium bicarbonate is suitable: 

Pb “ + 2HCOa'*PbCOg i I-H.O-h CO^. 

While lead is of great commercial importance and when ground 
up with oil is used as a paint, 'llic <jbject ot the various pHicesses 
for making it is to reduce the size of the particles as much as 
possible, Metallic lead is exj>osed to the action of acetic acid 
vapour and car}x>n dioxide. The function of the acetic acid is 
]>robably to get the lead into solution without decomposing the 
Ixisic carbonate. In the modem chamber process ihc lead is 
suspended in sheets from the ceiling of a chamber, kept at 70^, 
into which the mixed gases are admitted. After two months 
the whole of the metal has l>e<m converted to while lead. A better- 
quality white lead is made by the long-established Dutch process. 
A little dilute acetic acid is placed in eurthenwajc pots, which are 
covered with perforated lead sheets and piled in stacks with decaying 
tan between them. The fermentation of the tan produces heat 
and carbon dic'xide, and after three or four months the prcjcess is 
complete llie product of either process is crushed and ground. 
Electrolytic processes are also used. 

White lead paint has two serious defects: it is poisonous, and in 
the air of towns, which contains hydrogen sulphide, it blackens 
owing to the formation of black lead sulphide. 

Hildas.—I ^ad forms stable bivalent halides which are ordinary 
salts. They are only sparingly soluble in water, and are much more 
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^...hihlc in hot water than in cold. Lead tetracldoride* an unstable 
\iHow liquid, is the only certainly known tetrahalidc of lead. The 
ti’trabromide and tetrauKlide could not exists owinf^ to the higli 
osidizing jwtentiaJ of quadrivalent lead =ca.—17 v,). 

Phanhou^ fluoride, PbFj, is obtaim^d as a colourless precipitate 
(rnui a lead solution and a soluble fluoride. 

PJIItnhic fluoride, PbV^, has not been is<»latcd, but the yellow anion 
can he obtained in solution by the action of very concentrated 
livdrofluoric add on lead dioxide: 

PbO^+^>HF^PbbV i i 2H'. 

1 lu* action is reversible, and on adding water to tlie solution the 
dioxide is precipilal<‘d. liy di'»solvu»f' sodium plumbalc, NaJliOy, 
in hydn)nuoric acid a stable sodmin fluophimbate, NajPbl^fl, can 
[)v oi)tained* eoiui>are the analogous comjxuinds of silicon, titanium, 
and tin. 

PbOa' I (•UP-^PblV fdHtO. 

I om]K)UiuU of quadrivalenl lead ap|K*ar to ly* stabilized when the 
lead can complete a covalency of six. 

PI uni ho HS (hloriilc, PI)rL, is obtained from hydrocblorir, acid and 
the oxide or carbonate, or by procipilalinR a lead solution with a 
^olnlile ddoride. It is a colourless coiiq»ound and can be recrystal- 
lixcd from boiling' water. One hundred I'rams of water dissolve 
3'j ^rams at loo'^ and 07 jjram at o®. 

JUumbic chloride, PK'l^, is ly*st preiiartxl from the stable salt 
ammonium cliloronhimhate, (Nll^ljPbri,^, which is obtained as a 
\ ellow precipitate by adding ammonium chloride to a cold solution 
u( lead dioxide in concentrated hydrochloric add: 

Pb02‘f4H+6Cl'^PbCl/+2H,0, 

When the ammonium salt Is treated with well-cooled concentrated 
sulphuric acid, lead tetrachloride separates as a yellow oily liquid 
freezing at —15"^* 

Pbae'+2H =Pba4+2HCI f. 

It IS a non-conductor of electricily, is soluble in organic liquids, and 
is hydrolysed by water to form lead dioxide and hydrochloric acid: 

PbCl4+2U,0-rpb0s+4HCL 

It readily decomposes into phimboiis chloride and chlorine. 

Plumbous bremide, PbBr^, is obtained as a white precipitate by 
adding a soluble bromide to a lead solution. It is approximately 
as soluble as the chloride in cold water, but the solubility has a 
liigher temperature-coefficient. 

Plurrtbous iodide, Pbl^, differs from the other plumbous halides 
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in being bright yellow in colour and in being less soluble in water: 
it IS prepared by similar methods. 

Plumbous sulphate, PbSOi, is a white substance almost insoluble 
In water. It occurs native as angUsiU in Anglesey and ekewhere, 
having been produced by the oxidation of galena, PbS. It is 
prepared by the action of hot concentrated sulphuric acid on lead: 

Pb f 2 H,S 04 =rbS 041 +SO, t + 2 H, 0 . 

or, together with lead sulphide, t^y tJic action of sulphur dioxide on 
molten lead: 

2Pb+ 2SO,*=^ PhSO^+P!)S, 

or by precipitating a lead solution with dilute sulphuric acid. It 
has been used as a paint, as it is neither so ]X)isonou 5 as white lead, 
nor so readily blackened by hydrogen sulpliide. 

Plumbic sulphate, Pb(S04)2. is an unstable substance which has 
been prepare<l by anoilic oxidation. It is hydrolysed by water. 

Plumbous sulphide, PbS, occurs native as galena, and is preci¬ 
pitated as a brownish-black substance by hydrogen sulphide from 
lead solutions, but when prepared from lead and suljihur is grey. 
Its reactions with lead oxide and lead sulphate have already been 
described. 

Lead mirate, PbfNOxlit is the commonest soluble salt of lead. 
It lb prepared from nitric acid and Ivad, lead oxide, or lead carbonate, 
anti is a colourless coin|X>uml very soluble in water. Its 
decomposition by heating has already been described. 

Lead chromate, PbCrO^, is a yellow precipitate obtained fr<jm 
chromate solutions and lead solutions. It is used as a pigment 
{' chrome yellow'). 

Lead acetate, Pb(CH5.C00)j.3H2O. is obtained from litharge and 
excess of arctic acid; from its sweet taste it is called ' sugar of 
lead.' Its solutions contain complex ions, probably of chelate 
structure, and all the slightly soluble compounds of lead are more 
soluble in acetate solutions than in pure W'ater. 

In the majority of its covalent coin|K)iind5 lead is quadrivalent; 
we may mention the (etra-acclatc, Pb(CHj.COO)4, and lead tetraethyl, 
Pb(C,H4)4* 

Lead tctra-acctafr, Pb(CH:»C03)4, is obtained as colourless crystals 
by treating well-dried ' red lead/ PbgO^, with anliydrous acetic acid 
at The comimund is instantly hydrolybod by water to lead 
dioxide. Its solubility in organic sulvents (benzene, dilurofonn) 
indicates that it is covalent. Some use is made of the compound as 
un oxidizing agent in organic chemistry. 
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[nitrogkn], phosphorus, aksehic, antimony, bismuth, 

VANADIUM, Nionn/M. TANTALUM 

V- Nb-^Ta 
\As-Sb‘-Bi 

In Croups V, VI, and VIl Ibr lypicaJ dements quite definitely 
U‘Ncni[>le tlie H subgroup, wliik* the metals of the A subgioui)s ean 
i>f ooTn[>arccl among themselves: they form (he transition olejneiKs 
the wider sense of the term. 

Some of the projKjrlies of Group V elements are tabulated below: 
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rhe elements from nitrogen to bismuth form a wdl-defined 
senes in which a gradual change of properties is noticeable. Some 
i)f the more obvious variations mav be mentioned. 

The two end elements do not display allotropy, unless active 
lutiogen be uicludcd as an allotrope, but the middle elements do. 
H>e colourless or yellow fonn has a lower melting-point than the 
other a Hot ropes and is less dense; it has a non-mctallic appearance 
and will dissolve in carbon disulphide, whereas the behaviour of 
the metallic form is precisely the opposite. The stability cif the 
mm-metallir. as comj>ared with the metallic form decreases from 
phosphoius to bismuth. 

As we pass from nitrogen, a tyiiical non-metal, to bismuth, an 
element which is more metallic than otherwise, a gradual change 
is noticeable between these limits. Nitrogen, and to a less degree 

613 





6i4 theoretical AND INORGANIC CHEMISTRY 

phosphorus, are the only elements of the group whose hydrides are 
sufficiently stable lo form bases. All tlie hydrides of the group 
belong to the non-metallic type (p. 363). and it is only to be expected 
that their stability should decrease together with the non-metallic 
character of the elements. Ammonia is a stable substance, phos¬ 
phine is decomposed by heating, and the remaining hydrides 
dt-c<mipose with increasing readiness in the cold. 

The change in the metallic character of the element may be 
brought out by considering the (oxides and the chlorides. I'he 
oxides of nitrogen and phosphorus are acidic, those of arsenic 
and antimony are ampholerk., and bismuth oxides an; predomi¬ 
nantly basic, while the increase in basic character is as usual 
accompanied by a decrease in volatility. The melting-points of 
the tnoxides (oi ses()uioxide.s) and tnchlondits are shown in the 
table: 
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Evidences of saline character begin with arsenic chloiide, which is 

stable in solution in concent rated hydrochloric acid. Tlmre is some 

evidence that the ion As**' mav exist in small concentration in such 

• 

soluticais, whereas nitrogen and phosphorus arc incapable of 
forming cations. The first product of the hydrolysis of the tri¬ 
chlorides of antimony and bLsmulh is not the hydroxide, but tlie 
oxychloride SbOCI or BiOCl. Bismuth oxychloride is unaffected 
by billing water, but antimony oxychloride can suffer further 
h_\'d roly sis. 

The valency shells of the atoms of these elements contain five 
electrons, but they all have the power of forming stable compounds 
in which they arc tervalent. In these compounds the two unsliared 
electrons may either exist as a lone pair, as in ammonia, or they 
may be altogether inert, as they appear to be in bismuth, which 
scarcely forms quinquevaJeut compounds. The covalency maximum 
of nitrogen is four, and the lone pair in its tervalent compounds gives 
them powerful donor properties (see ammonia). The tervalent com¬ 
pounds of phosphorus are also unmistakable donors, and phosphine 
resembles ammonia in its power of forming phosjihonium halides. 

'file only resemblance between Subgroup A, which consists of 
transition elements, and the rest of the group is in the quinque- 
valent compounds, and the properties of these substances (e.g. 
vanadates) arc somewhat modified by tlie numerous lower valencies 
possible for the Subgroup A elements but not for the others, so 
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tliat the quinquevalent compounds of Siibf'roiip A are oxidizing 
i^cnts. As usual, throughout the gnuip the fluorides more than 
any other compound display the elements in their maximum 
valency, and tlicy all, except nitrogen, form pentaflu<»ridcs. The 
Subgroup A elements are all typical metals with high melting-points 
atid typical transitional properties, and in the elementary state or iu 
(lieir compounds of lower valency they lx*ar not the slightest resemb- 
Unce to the other elements of Group V. 


Phosphorus 

P5^30*075. Atomic Nnmhcr, 15 

History.—In 1^77 a bailiff named Hai-Uwin, in Saxony, had 
prepared a substance (iTn|>urc barium sulphide) which, after 
exposure to sunlight, shone in tlie dark; it was therefore called 
Ihildwin's ' phosphorus/ AlK'Ut the same lime (16O9) an alcheini'^t 
Hamburg, n^uned Hranh, prepared a substance (the modem 
yeih>w phosphorus) with similar properties but possessing the 
ailditional merit of shining in the dark without previous cx\^s\\to 
to sunlight. His method was to distil a mixture of concenlratcfl 
and fermented urine with sand, when the phosphorus was obtained, 
as a blackish si^lid. Kunckel, a German chemist of note, after 
vainly trying to purchase the s<x:ret from Brand (who had already 
sold it to an adventurer nnmed Krakft), hit upon the same method 
of preparation independently in 1O78. Krafft exhibited the 
element in England, where it excited the curiosity of chemists, 
and BoYi.r (1O80) made a third independent discovery of its ex- 
tracUon from urine. Hoyle published the details of his process 
and hence for many years phosphorus was known as ' English 
])hc3sph<uus.' 

In 17*19 70, Gahn showwl that phosphorus is pre.senl in bones, 
an observation confirmed by Scueele in 1771, who also devised a 
uiclhod of preparing it from bone-ash. Lavoisier (1772), from a 
study of its behaviour on combustion, concluded that it was an 
element. 

Occurrence and Extraction.—Phosphorus is an abundant element 
cuid almost invariably occurs as a phosphate; phosphates are very 
widely distributed over the earth. The element in one form or 
another appears to be essential to the life of animals and plants, 
and some four or five pounds of calcium phosphate, Ca^lPOJg. 
are contained in the skeleton of a grown man. Guano, the dried 
excrement of sea-birds, contains a considerable projxution of 
phosphatc.s ilerivcd from the fisli on which these birds feed. The 
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conversion ol calcium phosphate into the so-calltnl calcium super¬ 
phosphate, to l)c used as a fertilizer, is now an inifjortant iiuhistry 
(p. 5 o<>). 

Until tlir be^’inaing oJ the present century, the phosphorus ol 
commerce was obtained from the calcium phosphate contained in 
b<»TU‘-ash, which, after conversion io calcium hydrogen phosphate 
with sulphuric acid, was ignited tiH the nictaphosphate remained: 

CaH,(PO,)5= Ca(P03)H'2H80 f. 

This substance was tlicn distilled with charcoal: 


3Ca{POj)s, f ioC= C.a3(PC)Jj+P4 t + loCO t, 



tic*. >‘llOSI*)IOK()S PuKNACf? 
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and the phosphorus was con¬ 
densed under water, 'Dir 
process is very wasteful, and 
snw the development of Ihi’ 
ck'ctric furnace is of small 
commercial im])ortanec, 

The arrangement of a phos« 
phoins furnace can be wn 
from the diagram. 1 'he 
charge consists of phosphorite 
(iiu])ure calcium phosphaio) 
A mixed with coke and sand, 
added to secure a lujuid slag. 
It is admit led at C, and 
current is passed between 
the electrodes AA, thus pro¬ 
viding sufficient heal for the 
reaction: 


2Ca«(P04)j+ioC-f-6SiO^=^P, t + 10 CO t +C>CaSi03. 

At (he end of the operation the slag is run out at 1 ). llie phosj'horus 
fumes are condensed under water, and in one modi heat ion of the 
process the whole plant is tilled with coal-gas or carbon monoxide 
during the operation. Nine kilowatt-htiurs are re^^uired ]>cr kilo¬ 
gram of phosphorus. The carbon monoxide produced in phosphorus 
manufacture is used to make hydrogen from steam, and in the 
Liljcnroth process hydrogen is produced from phosphorus vapour 
and steam on the surface of a catalyst: 

2P-h 8 Hj 0 =^i 2 HaP 04 -l- 5 n^. 

If alumina is used instead of quartz in the phosphorus furnace, the 
slag can be used as cement. 

The total annual production of phosphorus is between thirty and 
forty thousand tons. 

V 
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The Allotropy ol Phosphorus.—Phosphorus prepared by the 
iinKlem electric procc&sas is nearly 100 per cent pure, but may 
contain traces of arsenic. It can be obtained perfectly pure by 
ilistilling the commercial product in steam in an apparatus from 
wliich ttie air has been driven by a current of carbon dioxide, 
which should be kept up during the distillation. Phosphorus 
'spontaneously oxidizes in the air, and must therefore be kept 
under water. 

The element exists in three principal forms, colourless (' yellow ’), 
red and black, and as there are two modifications of colourless 
phosphorus, distinguished by the letters a- and jS-, the total number 
of allotropcs is four. Many other varieties have been reported, 
but they arc mostly distinguished from rod phosphorus only by a 
difference in the stale of division or by the presence of impurities. A 
lifth variety, Hittorf*s violet or 'metallic* phosphorus, is con¬ 
sidered by some to consist of coarse grains of red pliosphorus, 
while others are of the opinion—and this is perhaps the likelier 
view — that violet phosphorus is a true all<>ln>[>e and red 
]ihosphorus merely a solid solution of the colourless and violet 
Inrms in eqiiililirium. 

Colourless filutspliorns, the form commonly met with in the 
laboratory, is a .solid of density melting at 44® and boiling at 
287". It darkens on exposure to light, and unless prepared in a 
darkened room has a distinct yellow colour which gives it its usual 
raine of ' yellow phosphorus/ This yellow colour can be removed 
hy oxidizing agents such as dilute chlorine water. The ordinary 
or a-form of colourless phosphorus crystallizes in the cubic system, 
hut in iyi4 Bridgman noticed that if it was cooled to a very low 
tcmpcTaturc and allowed to giow warmer a dclinite irregularity 
occurred in the heating curve at “77^*. The variety stable below 
this temperature is called the jS-form: it can be produced from the 
a-fomi at ordinary temperatures by the application of pressure— 
about II metric tons per sq. cm. at 

Colourless phosphorus is insoluble in water, but it will dissolve 
in about lour parts by weight of carbon disulphide, and solutions in 
benzene, chloroform, and other organic 5u*lvents can also bt prepared, 
as well as in the liquid compwund phosphorus tribromide. I'he 
solutions in organic solvents do not conduct electricity, an<l the 
phosphorus is in the form of P4 molecules. 

Red phosphorus, though formerly described as amorphous, is a mass 
ot rhombohcdral crystals. Il is soluble in alcoholic potash, but 
not in the organic solvents that dissolve the yellow variety. Its 
physical properties, among them the colour, heat of combustion, 
specific gravity (2*05 to 2*39), and melting-point (under pressure), 
depend on the method and temperature of its preparation, and 
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many substances have been reported as allot ropes which differ 
from it onl5' in physical properties. 

At ordinary temperatures colourless phosphorus has a higher 
vapoui pressure timn red phosphorus and is consequently unstable. 
The rate of transformalitm is negligible, but it increases on heating, 
and is also acccleratc<l by light, pressure, or tl»c electric discharge, 
or such catalysts as iodine or selenium. It proceeds smoothly at 
250" in the absence of catal)^ts, au<l is carried out at this tempera¬ 
ture on an industrial sciUe. Any unchanged residue can be 
removed from the product by lK>iling with aqueous caustic soda, 
which reacts with colourless but not willj red phosphorus (see 
phosphine, p. 620). 

There is no transit ion-point between colourless and red phosphorus 
at atmospheric pressure, because the rod variety volatildes without 
melting: colourless phosphorus is iorined by condensation of the 
vapour. The change readily takes place at 350®. From the 
curves connecting vajwur pressure with temperature it appears 
that red and colourless phosphorus would be in equilibrium with 
the liquid at 43 alnif>sphercs and 590® (the triple point). No 
difference can !>o detected in the vapour from the various allotropes, 
which all have <1 dcn.s]ty corresponding with a molecule P4. The 
heat of combustion of colourless phosphorus is rather higher than 
that of the red form, so that heat will l)c evolved in the transforma¬ 
tion of yellow to red, and the stability of the red form will diminish 
with rising temperature, as the facts show* 

Hittorf's ‘ metallic * or violei phosphorus, a form very similar to 
the red variety, is prepared by cooling a solution of phosphorus in 
molten lead which has been maintained for a day or two at 800®, 
and removing the lead from the violet rhombohedral crystals. This 
variety differs from red phosphorus only in the melting-point 
(620^-625®) and in the development and size of the cry»stals, and is 
believed to consist of red phosphorus in a coarsely-grained condition. 
When a solution of colourless phosphorus in the tribromide is kept 
at 180®, a third red variety, Schenck's scarlet phosphorus, is slowly 
precipitated. As might be expected from its method of preparation, 
it is red phosphorus in a fine state of subdi\dsion. Colloidal 
solutions of both red and colourless phosphorus can be prepared. 

hy applying a prcs.sure of 12 metric tons per sq. cm. to colourless 
phosphorus at 200® Bridgman was able to prepare a new allutrope 
known as black phosphorus, with a density of 2*69. It is otherwise 
very like the red variety, but is a better conductor of heat and 
electricity. 

General PropartidS* —Phosphorus is a reactive element which 
shows a pronounced tendency to unite with atmospheric oxygen. 
In the open air the spontaneous oxidation of the colourless variety 
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the element raises its temperature until it bursts into flame. 
The ignition temperature is low, and it is unsafe to hold phosphorus 
ij) the fingers, while in the presence of finely-divided and easily 
I’xidizable substances, such as charcoal, phos]>horu 5 may ignite 
at room temperature. In a well-known experiment a filter-paper 
IS impregnated with a solution of phosphorus in carbon disulphide, 
i'iio solvent quickly evaporates and leaves the phosphorus in a 
\ery fmcly-rlivided condition. The fiUer-pai)cr first emits fumes 
nf oxide and then takes fire. 

It has been known for centuries that the .spontaneous oxidation 
of phosphorus is attended by !uminosit5% but in spite of b bo nous 
research I he phenomenon is still only 'naimplefcly understood. 
Tli<‘ most remarkable feature of the luminosity is the effect of 
jii'ossure, tor it is found that rexJucing the pressure increases the 
glow, whereas the contrary might have been expected. The glow 
will i»)t take place in neutral gases or m high vacua, and is therefore 
closely connected with the oxidation pr<»ccss; it is not greatly 
;dfcclcd by oxygen pressure within the limits 100-500 mm. of mer¬ 
cury, hut is much reduced by smaller or greater pressures. Intensive 
drying reduces the glow without aJUigcther arresting it, but the 
glow can be poisoned by the addition of very small quantities of 
various vapours, e.g. that of lurpenline. The glow is accompanied 
by the production of ozone and by the ionization of the surrounding 
air or oxygon, which will discharge an ek*ctroscope. Very small 
quantities of phosphorus are sufficient to produce these effects. 
Thus, if water containing a very little phosphorus is boiled, the 
vapour is easily visible in fhe dark (this is Mitschicruck's test 
for phosphorus). 

The frw combustion of pliosphonis m a plentiful supply of air 
or oxygen produces white clouds of the pentoxide, hut if the supply 
of air is restricted lower oxides are also produced. Phosphorus 
will not combine directly with gaseous hydrogen, and is scarcely 
affected by cold water, in which it is almost insoluble, though 
the water under which phosphorus is preserv’cd always has a dis¬ 
agreeable smell of phosphine. Phosphorus reacts violently with 
al! the halogens at room temperature. It is very easily oxidized, 
and oxidation sometimes takes place with explosive violence, 
c.g. the reaction with ix>tassium chlorate. In the presence of 
water the oxidation of phos])honis produces phosphoric acid, 
Phosphorus will also combine with many metals forming phosphides, 
and with sulphur to form sulphides of phosphorus. Colourless 
j)hosphorus, hut not the red variety, dissolves in aqueous alkalis, 
forming phosphine and other substances. It is not affected by 
acids as such, but various reactions may take place on heating: 
thus hot concentrated sulphuric acid is reduced to sulphur dioxide. 
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Phosphorus is sometimes used in the laboratory as a reducing 
agent; tlius Faraday used it to prepare colloidal solutions of gold 
from gold salts. It will also precipitate copper and sOver from 
solutions of their salts, ami a stick of phosphorus immersed in a solu¬ 
tion of cop|)er sulphate becomes red from a coating of the metal; 
but other substances are produced as well. 

Although phosphorus in the form of phosphates is essential to 
life, yot the element itself, in the colourless form at least, is very 
poisoiioas. Colourless phosphorus was formerly used in the manu¬ 
facture of matches, and the health of the w(»rkmcn suffered severely 
from the phosplionis vaix>ur in the air, until the manufacture of 
these matches was made illegal. The red form which is now used 
is harmless. 

The addition of copper phosphide to certain alloys increases 
their strength: the b<»l•known phosphorus-containing alloj's are 
the phosphor bronzes. The most important ns^.* of plio.sphorus is, 
however, the manufacture of mutclies. The nuxlern safely-malrh 
is an asi>cn slick tipped with u mixture of sulphur and potassium 
chlorate, and is ignited by rubbing on a surface coated with red 
phosphorus and antimony sulphide. Other matche^ are tipj)e(l 
with a mixture of the sulphides of phosphorus, chiefly P4S3. with 
potassium cldorate. 

Phosphorus Hydrides.— The prinrij)al hydiidc of phosplionis 
has the formula PH3, and called phosphine, it is ino’^t casilv 
prepared by lioiling cokmrkss |>hosphorus with aqueous alkali in 
an apparatus from which the air has Ix'en excluded. The gas tlius 
obtained is spontaneously inllainniahlc m air, but the inflaniiuahility 
can .be destroyed by it through concentrated sulpliurie 

acid or by other methods, and is due to the presence of certain other 
hydrides of phosphorus. The product of this process also contains 
at least 50 jx^r cent of hydrogen. An approximate equation is: 

4 P+ 50 ir+ 3 H, 0 =PH 3 t +2H, t +H,P 0 ,'+ 2 HP 0 /. 


Pure phosphine can be obtained by the action of water on 
phosphonium iodide: pjj j—pfj 


a little alkali is added to the water to retain the hydrogen iodide. 

Phosphine is a colourless gas with a disgusting smell; pcrhajis the 
nastiest of all inorganic odours. It can be condensed to a liquid 
at —87'' and to a solid at —133®. It is slightly soluble in water, but 
the solution is unstable and yields liydixigen and phosplioric acid. 
Pure phosphine is not spontaneously inflammable in air, but it 
may ignite or exj)lode when mixed with oxygen, and rarefaction 
of the mixture can always be made to bring about this result at 
ordinary temperatures. The spontaneous ignition of impure 
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^•hosphinc has been suggested as the cause of the ‘ will-o'-the-wisp ' 
-ometimes seen over marshy ground, the pliosphine having uin 
(>ro<;luc€d by the decomposition of animal matter. 

Phosplnne is an unstable substance easUy decomposed into its 
i lc'ments by heat, The decomposition is of the first order, but it 
! ,ikos place on the walls of the containing vessc'l. Phosphine is also 
.ji composed l)y the halogens, which form halides of phosphorus 
jikI of hydrogen, and by sulphur, which forms sulphides. It is 
.ibsnrbed by solutions of the salts of silver and gold (and other 
metals), with the production of precipitates of varying composition; 
with the solutions named both the metal and phosphides arc formed, 
f'hospliinc will also react under certjun conditions with the halogen 
liydridc'S to form the jihosphonium compounds, analogous to the 
nminonium salts: 

pUrfUi^PHj. 

The reaction with hy<lrogcu io<lide takes place under ordinary 
onditions when the gxses are mixed, but phosphonium bromide 
must be made in solution in s«>me inert solvent, and to prepare 
phosphoniuin chloride it is necessary to compress the reaction 
mixture strongly and to cool it. 

Phoaphonnm indiJe, PH4I, is commonly prepared by the action 
(if a little water on phosphorus tridodide. Phosphonis is dissolved 
in carbon disulphide, iodine is added to it, and the solvent is 
distilled off while air is kept from the apparatus by a current of 
carbon dioxide. Water is then added, and after the heat of the 
reaction has abated the mixture is warmed in order that tlic whole 
of the phosphonium iodide may sublime into a wide tube fitted to 
leceivc it. The whole action may be represented; 

9P-I Sl+iblljO-sPHJ t +4H3PO.. 

Phosphonium iodide is a colourless crystalline solid. On heating, 
it readily decomposes into phosphine and hydrogen iodide, and 
from these substances some hydrogen and phosphorus tri-iodide 
may be obtained. With water it quickly yields phosphine and 
hydrogen itnlide and is very readily decomposed by oxidizing 
agents of all kinds. 

Phosphonium br<m%de, PH^Br, is a colourless solid which disso¬ 
ciates at a lower temperature than phosphonium iodide, and 
phosphonium chloride. PH^C!, cannot exist at ordinary temperatures 
:ind pressures. 

Liquid hydrogen pbosphide^ P^H^, is the spontaneously inflam¬ 
mable ingredient of the mixed hydre^en phosphides prepared by 
the action of caustic alkalis on plirisphorus. It is made by the 
action of excess of water on calcium phosphide. Ca^P^, and is evolved 
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from the reaction mixture, whicli is kept at 6o®, as a gas which can 
be condcnsinl to a liquid by ice-water. 'Hie whole of the apparatus 
must be hlled witli hydrogen. It is an unstable, colourless licpiid 
with a low b(nling-point, and is spontaneously inflammable in the 
air. The products of combustion form a thick white rloud whicli 
contains water and oxyacids of phospliorus. Liquid hydrogen 
phosphide is insoluble in watcT. 

^ Solid hydrogen ph<tfphide ^ is a ydlow which accom¬ 
panies the liquid hydmgcn phosphide produced by the action of 
water on calcium phosphide. It can l>c prepared, tljough in very 
small yield, by passing the gaseous jiroducts of this reaction througli 
Ciilcium chloride, which dccoiniwses the liquid phosphide 
mP> gaseous phosjdiine ami the s<»lid pl»>sphid<'. It is recovered 
bv dissolving the calcium chlonde in cold dilute hyduddoric acid 
and filtering otf the solid residue. It is a yellow with no 
sinelh (puckly d<'Coin|>osed by moist air in I he light and less <|uickly 
in the dark; it is also deci>miK)sed by water, with which it fonn> 
hydrogen and pliosphoric acid. 

Us empirical formula approximates to PjH, ullhougli the composi¬ 
tion is somewhat variable. A mi Secular weight determination ni 
which white phosphorus was used as solvent suggested n in ole cut nr 
formula PiJIa, but the solid y'i^'lds no dclinite X-ray diffraction 
pattern, and is now consklcred to l)c am<irplious phosphorus con¬ 
taining dissolved (or adsorbed) phosphine. 

Phosphides of the Metals.— Our knowledge of these compounds 
is not very extensive. Phosphorus combines with most of the 
metals if heated with them, and some phosphides have been maclt‘ 
by the n* duct ion of pliosphates, as for instance with carbon in the 
electric furnace. When phosphine is passed through salt solutions 
phosphides are sometimes precipitated, often together with the 
rnctaJ. Most phosi>hidcs «are decomposed by water, with the 
liberation of phosphine, but some few, suclt as coppiT pliosphide, 
are stable enough to be uscxl in .small projwrtions in alloys. The 
ulkali-mctal phoi^phides are made by direct combuuition, as is alu- 
minium phosphide, AlP, whicli in reactum with acids j>ro\idcs a 
convenient source of pure pliosphine. 

Calcium phosphide, Ca^Pg, can l« made by direct combination, 
but is more often prepared from <*alcium carbide and phosphoric 
oxide, or by heating c^cium phosphate with carbon in the electric 
furnace. It is a brown crystalline refractory substance, stable in 
the air but readily decompost‘d by water, with which it liberates 
hvdrogen and liquid hydrogen phosphide together with some solid 
hydix^gen phosphide. If air is present these substances take fire 
with the production of clouds of phosphoric acid, and calcium 
phosphide is used in the production of smoke-screens at sen. 
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Oxides. —The principal oxides of phosphorus are phosphorous 
trxidf, PiO®, phosphorus tetroxide, (PO*)*, and phosphoric oxide, 

PA' 

Phosphoioiu oxide, PiOg, sometimes called phosphoru^i (rioxide 
iroTU the empirical formula P^Oj, is obtained by the combustion of 
phosphonis in an insufficient supply of air. As some of the pent- 
*\tdc is always pnxluced at the same time, and as phosphorus is 
,,|>i)reciubly volatile at the temperature at which the combustion 
i*. carried out, the conditions must be carefully regulated if con- 
i.uiiination of the pnxluct is to be avoided. A slow stream of air 
aspirated from left to right through the apparatus shown in the 
diagram while the phosphorus is gently wanned. Any unburned 
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pliosphoriis is cuiKirriscd by the wnler-jackot, which is kept at 50^ 
01 slightly over, while the plug of glass wool catches any ixntoxide, 
Tlic Inoxide, hnw'cver, is airried inl<i a condenser cooled in n 
mrzing-mixture, where it collects as a colourless solid; it is best 
tn interrupt the air current bef(»rc the whole of the plK>sphonis 
has been consumed. The trioxide is free<l from traces of phosphorus 
t)y fractional crystallization from carbon disulphide, followed by 
(hstiilation. 

Phospliorous oxide ts a crystalline substance melting at 23® and 
boiling at 173"^; it has a peculiar ixlour. The vapour density 
c<irrcsponds with the tonnula P4O6. When strongly heated in 
il»c absence of air, it yields phosphorus and phosphorus telroxide: 

but it combines with oxygen from the air at all temperatures, 
forming either the telroxide or the i^ntoxide, according to the con¬ 
ditions. When it is gently wanned in oxygen the reaction is violent 
and even explosive. With cold water the oxide slowly dissolves to 
form phosphon)US acid: 

P,O«-bbH,0=4H,P0a, 

but wath hot water the reaction is vigorous, phosphorus is deposited, 
and phosphorus hydrides and phosphoric acid are produced. 

Phosphorus tetroxide^ empirical formula PO^, is so called because 
the empirical formula is intermediate between those of the trioxide 
PA and the }>enloxide PgOi, or i>ossibly by analogy with nitrogen 
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tflroxidc, but it is pr<)h.ibly bast represented l)y P40a. It is pre¬ 
pared, as already described, by hcatinf; phosplioruus oxide in a 
vaennm to nearly 300^, and then sublimes into the aiol parts of tlie 
a]}paratus. It is also present in the mixture of oxides obtained by 
tbc coinbuslioii of phosjthorus in a limited supply of air. It is a 
colourless crystalline sulwlance which deliquesces in the air and can 
be sublimed without cluin«e at about It is soluble in water, 

Init the solution d»M'S not contain hypophospln)ric acid, >141*20^, as 
ini^ilit be expected» but be'haves rather as a mixture oJ nietaphos¬ 
phoric and phosphorous acid^* 

2p0j ! 2hLO ^]|PO.,+H3rO,. 

Phosphorus peotoxide, IVhn* best-kn(jwn and most familiar 
o.Nuh* of phusplionis, is obtained by burning phosj>liorus in a 
hlMTiil supply of air or oxvj>ei), \\1ien carried out under tliese 
coiuhtions the combustion ol phosph<»ruv yiehU a white and sin- 
Kulaily brilliant llame. 'riic commercial pHuluct usually contains 
lower oxides and sometimes eleinrnlary ph<;spborus; and is purilu'd 
by sublimation in a stream of <ixygen t>vi»r platinized asbestos, 
wliich calaly.ses the complete oxidation of the^e substances. 
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PJjosphorns jx:utoxide is a white powder which can be obtained in 
several crystalline forms. The most volatile^ or a-fonn, consists 
of molecules p40,o* It can be sublimed without difficulty al 250' . 
Other loss volatile (onus an* macromok'cular and contain PO4 
tclrahcdra mutually linked by three of the oxygen atoms. The 
pentoxide in tlic <i-form has an affinity lor water exceeding that 
of any known substance, and is chiefly used for witiidraw'ing 
water or its elements from other substances, the product ‘d the 
reaction being the very' stable mctaphusphoric acid. For tiiis 
reason phosphorus pentoxide becomes sticky and pasty if exposed 
to the atmosphere even for short periods, and its use as a desiccating 
agent is inconvenient, since it is very liable to clog tlie apparatus. 
It is consequently used only when a high degree of desiccation is 
required, and is tlicn commonly protected by calcium chloride or 
sulphuric acid driers from the access of considerable quantities of 
water. The diagram shows the commonest form of drying-tube for 
gases. The wide tube is scaled off at A after the oxide has been put 
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\u. For most experiments on intensive drying the use of this sub¬ 
stance is essential. The oxide is much used in the preparation of 
incl anhydrides; with nitric ;uid perchloric acids it yields nitrogen 
jM'ntoxide and chlorine heptoxide, and with sulphuric acid sulphur 
tnoxide. It is also extensively used in organic chemistrj’. 

The Oxvacids of Phosphouus.—T) ic types of these acids are: 

Hyfxtf^hosiphoroHs acid: HjVOj J^O(OH)H2 

Phosphorous acid: HaPtX, rO(OH)^H 

POlOlDs 

Ilypophusphoric acid: I I 

P0(0!1}2 

Phosphoric acid: PO(Oi i)^ 

Perplmphoricacid: PO(OH)g.O.OH 


It will be noticed that willi the exception of liVT^>pho.spiioric acid 
ilasc form a scejuence in which each has the fomuilu but 

tlio table shows only the simplest tyiK* of each acid, and most of 
ilu jii exist in several condensc*d h^nus. which will be discussed 
nruler the appropriate headings. The structural formulae given 
.iri' largely established, and they help to make the relations l)etween 
lire acids clearer than they otherwise would tie. 

Hypopfaosphoions acid» H^POs.—'Hie solution remaining after 
the preparation of pliospliine from pliobphonis and caustic alkali 
contiiins a hypophosphitc. H tlie prcpjiratiun of tliis compound is 
iIm object of the experiment, bar^'ta is used instead of caustic 
-uda, and the lifjnid afterwards ncutraliz<'d by passing carbon 
dioxide through it. This precipitates barium carbonate, which 
rrm be filtered off. and barium hypophosphitc can be obtained by 
» vnporating the liquid. By treating a solution of this substance 
with dilute sulphuric add a solution of hypophosphoruus acid is 
obtained, from which nearly all the water can be driven by very 
cautious eva(xmition. which may wUi advantage be carried out 
under reduced pressure. 

H>T>ophosphorous acid is a colourless crystalline solid which 
melts in the neighbourhood of 25®. It is very soluble in water, 


•md the solution behaves as a fairly strong monobasic acid. There 
‘s a mass of evidence for this conclusion—titnition. conductivity, 
hydrogen ion concentration, and so on—and since acid properties 
are usually assigned to hydroxylic liydrogen. the formula of the 

H(K 

acid is supposed to be H When liypophospbites are dis- 

h/ 

solved ill water containing deuterium oxide, they are found upon 
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recovery contain no deuterium. It is certain that if the aiiior 
rxmtaincd a hydroxyl excliange between hydrogen and 

doateriuni would rapidly occur. The anion is therefore H^PO./ and 
not HP( 0 I 1 ). 0 '. 

Hyp^phosphorous acid and the hypophosphites are powerful 
reducing agents easily oxidized by the air to phosphites and then 
to phosphates, particularly in add solution. They will reduce* 
concentrated sulphuric acid to sulphur, phosphorus pentachloride 
to phosphorus, and solutions of copper sulphate to copper, oi 
possibly copper hydride. I'lie acid is decomposed by lieat into 
phosphoric acid and pliosphine: 

2H,F0,«H3P04+PH,t, 

hut if hypophosphites arc boiled m strongly alkaline solution 
hydrogen is evolved: 

HJ> 0 /+ 0 H'=HP 0 /+H, t, 

The hypophosphites o 1 the metals are usually obtained from 
solutions of sulphates and of barium hy}>ophosphite; on heating 
they generally lose hydrogen and phosphine, and leave a residue 
of phosphate. 

Phospboroos acid, H3PO3. and the phosphites.--Phospht^rous 
acid can be obtained by dissolving phosphorus trioxide in water, 
but this method is very tedious; the hydrolysis of pliospliorus 
trich!t>iide is more convenient. The trichloride is maintained at 
60® while a brisk current of air is passed through it, and the vapours 
are passeit into ice-water, which after some time becomes filled with 
a mixss of crystals: the.se can be filtered, washed, and dried in a 
vacuum: 

PCl,+3H,0-P(0H),+3Ha. 

It liquid phosphorus trichloride is added to water the reaction is 
very violent, and decomposition occurs, but this can be avoided 
in an alternative method of preparation by the use of concentrated 
hydrochloric acid instead of water. 

Phosphorous acid is a colourless crystalline substance that 
melts at 74^. The crystals are deliquescent and readily soluble 
in water. The solutions behave as though they contained a 
dibasic acid, and the formula of the acid is supposed to be 

HO /P= 0 . The acid is fairly strong in its first dissociation and 
HO/ 

weak in its second dissociation (compare phosphoric acid); in 
concentrated solutions associated molecules (H^PO))^ and ions 
also make their appearance. As is also the case with 
phosphoric acid, phosphorous acid can be titrated against 
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,ne equivalent oi alkali with methyl orange, and two with 
ihymolphthalein. 

IMiospliorous acid and the phosphites are less powerful reducing 
ijLicnts than the bypophosphites, and arc oxidized by atmospheric 
MK even in acid solution, only in the presence of certain catalysts 
•iicti as iodine; the product is phosphoric acid. The boiling 
alkaline solutions do not yield hydrogen so readily as the hypo- 
piiosphitcs, but solid phosphorous acid, like hypopliosphorous acid, 
h on heating decomposed into phosplioric acid and phosphine: 

4H,PO,=3H»PO,+ PH,t. 

PI I OS plates wiU reduce copper sulphate solutions to cojiper and 
phosphorus pcntachloride to phosphorus, but with concentrated 
Milphuric acid only sulphur dioxide, and no sulphur, is obtained. 

The phospliites are usually prep<ired by the action of phospliorous 
acid on bases or carbonates. Both monohydrogen and dihydrogen 
phosphites are known, but, as already explained, the third hydrogen 
.Uoin of the molecule cannot be replaced by metals. On heating, 
iho phosphites yield a phosphate together with hydrogen or phos* 
pliine, or both. Calcium i>hosphitc, CaHP0a.2H,0. and barium 
l>hosphite, HaHFOs, are only slightly soluble in water, so that 
(>!iosphite solutions yield precipitates with calcium or barium 
solutions, a reaction which distuigulslies them from the 
liypojdjosphilcs. 

Metaphosphorous add* HFO|, is obtained as a crystalline solid 
by the action of dry oxygen on dry phosphine: 

PH,+ 0 ,-HP 0 ,+ H,. 

This substance reacts with water la tonn ordinary or ortho-pho.s- 
phoroits acid: 

HFO,+HjO=H3PO,. 

and no salts of it have been prepared. Salts have, however, been 
(prepared derived from the very unstable pyrophospkorous acid, 
ll4p805(2H3P03—H3O). They are of small importance. 

Hypopho^oric add, discovered in 1877 and is 

Usually prepared by the oxidation of red phosphorus by alkali 
liypoclilorite. WTen phosphorus is allowed to oxidize slowly m 
the presence of water, about 6 per cent of it is converted into this 
acid and the remainder to phosphoric add. Hypophosphoric acid 
can also be prepared by the oxidation of phosphorus with a hot 
acid solution of copper nitrate. It can be separated from the other 
acids of phosphorus also produced in these reactions by precipitation 
with sodium acetate of the slightly soluble sodium h}qx)phosphate, 
NajH,P,0«.6H30, which can then be recrystallized from boiling 
water. From the hot solution lead hypophosphate can be 
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precipitated, and from a suspension of this salt a solution of 
the acid can be obtained by treatment with liytlrogen sulphide, 
which precipitates lead sulphide. Concentration of the solution 
under reduced pressure yields cither the anliydrous acid or a 
hydrate. 

Hypoptiosphoric acid is a colourless crystalline hygroscopic solid 
melting at 55*^ and stjluble in water. On healing to about 70^ it 
is converted into an c<iuiinolecu]ar mixture of jphosphorous and 
motHjihos])honc acids: 

l-liPOj. 

The change is irreversible, and takes i>lacc equally readily in 
solution, rapidly on healing but only slowly in the cr)ld. while 
these acids show no sign of combination on mixing, and none is 
discernible in the fieczing-poinls of their mixtures. Solutions (A 
liypophosphoric acid or its sails have pnictically no reducing 
action, and are unaffected by hydrogen peroxide, dilute nitric 
aci<!, or the halogetis. On wanning they display reducing proj>cr(ic5 
due to the phosphorous acid formetl by dccomjxpsition. 

The acid is tctrabasic, «ind salts have l>ecn prepared in which a 
quarter, a half, thn>c-q«arlcrs, and all the hydrogen has been re- 
jjlaccd by a metal. When lh<* acid is titrated against a huso with 
methyl (orange, an end-jxpint is reached ut a half-way stage, so 
the acid must be tolerably strong in its first two dissociations. 
The formula is a m.itlcr of controversy, but the suggestion 
P 0 (() 1 I). 

j apj>ears to lit the f;icls lx*ltcr than any other. 

PO(OH), 

Phosphorus letroxidc cannot be regarded as the anhy<lri(le of 
this acid, since neither substance can be directly converted into 
the other. 

Phosphoric acid exists in three modifications: the orlho-acid, 
H3PO4. the pyro-acid, H4Pg07. and the meta-acid, liPOj, connected 
HS follows with the pentoxide: 

P?0,+ 3H20=2H3P04. PA+2H80=H4P20,. 

PP5+H,0=2HP03. 

Orthopbosphoric acid, H3PO4, the most important acid of phos¬ 
phorus, is obtained by the action of hot water on phosphorus 
j«ntoxide, or more readily by oxidizing phosphorus in contact 
with water, usually with concentrated nitric acid. Dilute acid 
has little action on phosphorus, but if the acid is too concentrated 
dangerous explosions may take place. Any variety of phosphorus 
may be used. In the Liljekroth process (p. 61O) orthopbosphoric 
acid was obtained from phosphorus and steam. 
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The product of the action of nitric acid or other volatile oxidizing 
agent on phosphorus and water is evaporated until nearly all the 
water has been exj-jelled: the mass is then cooled and crystals with 
the composition H3PO4 separate. As hot concentrated phosphoric 
acid attacks glass, porcelain, and oven some varieties of fused 
silica, this opt^ration must be carried out in a platinum vessel. 
Tlie product is a colourless crystalline solid melting at 42®, hygrn- 
j-copic, and v('rv sj) 1 11 hie in water. On strong heating it loses water and 
i'* converted hrst to pyrophosphoricaiul tlu*n to metaphosphoric acid. 

Orihophosphoric acid is tribasic. The dissociation-constants are 
0 011, 2X JO and 3 6x10 so that it is fairly strong in its first 
dissociation, weak in its second, and exceedingly weak in its third, 
(on'^cquenlly stdutions of (he dihy<lrugcn i>lios]ihates, such as 
NalljPO^, liave an acid reaction, the m<iiii 4 iydrogen phosphates, 
such asNajHPO^, arc alkaline from hydrolysis, and the normal phos¬ 
phates, such as Na3P04. arc nearly as alk^inc in solution as caustic 
soda. If the hydrogen ion concentrations ot the solutions obtained 
by adding (say) M/io solutions of caustic alkali to M/io solutions 
of phosphoric acid are calculated, lliey arc found to be (18®): 
NaHd'04, 10“^-^; NajHPO*. 10-NnjPO^, and lliese 

values have been confirmed by potentioinetric titration. Conse- 
({ucntly the acid can lx* tilratetl to a dihydrogen phosphate with 
methyl red and to a monohydrtjgen phosphate with thymolphtha- 
lein, or less accurately with phcnolplithalein, while the titration to 
the normal salt caimot be carried out with indicators; in this region 
the hydrogen ion concentration changes only slowly with the 
addition of alkali. Mixtures of phosphoric acid and phosphates 
are much used as buffers and in the preparation of solutions of 
stand arc) liydrogcn ion concentration. 

Orihophosphoric acid in the pure state or in solution is a stable 
sul)stance with the ordinary properties of an acid but otherwise 
not reactive. Tlic phosphate ion shaics the stability of the neigh- 
l>ouring silicates and sulphates, though the ter valent ion PO4'" 
uncombined with hydrogen ions exists only in very concentrated 
alkaline solution. As the acid is not volatile on moderate healing 
it can be used instead of sulphuric acid for expelling volatile acids 
from their salts, but all the phosphates are decomi>oscd by hot 
concentrated sulphuric acid. 

Orthophosphates .—These salts are prepared by the usual methods. 
All the phosphates and hydrogen phosphates of the alkali-metals 
(except lithium) and ammonium are soluble in water, but most 
other phosphates are insoluble or only slightly soluble. The 
insoluble phosphates or double ammonium phosphates of certain 
metals, among them magnesium and zinc, are used in their gravi¬ 
metric analysis. The monohydrogen phosphates on ignition yield 
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water and pyrophosphates, and the dihydrogen phosphates yield 
water and met a phosphates. Several orthophosphates are described 
under the metals, 

Pyrophosphoric acid« H4pa07.—Attempts to prepare this acid by 
tlic action of water on phosphorus j^entoxide have been unsuccessful, 
hilt it can be prepared without difficulty by heating the ortho-acid 
to 250®. or from a mixture of the ortho- and mcta-acids: 

Il.PO^+IIPOa^: H^PA- 

In the pure state it is obtained from its sodium salt, which remain^ 
wlicn disodium monohydrogen phosphate is heated: 

2NiuHP04^N‘M'A-l HnO t. 

Tliis is dissolved in water and precipitated as the jnsolnblc lead 
salt, which is then sus|K'ndvd in water and treale<l with hydrogiii 
sulphide. The evap<*mtion of the rt'sulling solution must be rarric'd 
out under reduced pressure, for on heating the pyro-acitl takes \i]^ 
water and forms the ortho-aeid. 

Pyrophosphoric acid is a syrupy lUiuid of uncertain mt lting-point, 
since undercooling takes place very readily. It is freely soluble in 
water and is a tctrabasic acid, the diss<>ciation-constants bc'ing 
about 0*14, 0‘Oir, 4x10“’ and lo’^ in that order. The solutums 
are stable only at low temperatures ami readily form orthophos¬ 
phates on heating, csf)ecially if the solutions arc acid. 

PvTOphifsphates .—Tlicse salts are prepared by the usual mcthc^ds 
or by healing monohydrog<*n orthophosphates: tJie normal salts 
and the dihydrogen salts are the commonest, and indeed it is 
doubtful whether the others exist at all. The dihydrogen salts 
yield mctaphospliatcs and water when healed: 

NajHsPA^^NaPO^ l HjO t. 

Metapbosphorioacid, (HPO^)"* 'glacial phosphoric add.’ is obtained 
by strongly heating the ortho- or pyro-acids in a gold or platinum 
vessel, but if the process is carried t«x) far the product contains 
an excess of phosphorus pentoxide. It is a colourless, glassy, and 
very deliquescent substance, freely soluble in water, with wliidi it 
evolves much heat. Tlie solutions gradually change to orthophos- 
phoric acid. In the labi^ratory mctaphosphoric acid is used as a 
iubricanl for taps in api^aratus where it will be exjxjsed to substances 
that attack other lubricants. An acid of monomeric formula HPO3 
does not exist, nor have any corresponding salts been obtained. An 
anion of empirical formula PO3' arises from the condensation of 
PO4'" tctraliedra resulting from a mutual sharing of two oxygen 
atoms in each tetrahedron (cf. phosphorus jientoxide, where three 
oxygens are shared). Thus three tetrahedra can condense in a ring 
to give trimetaphosphate, (PO,)^'" (p. 631): 
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IT (r)UT to uivc tc*trumcta|)ho^phn1f, (POa)/"': a more widespread 
rc>ud<'nsation yields iii:uTomolecii 1 ar anions of very large molecular 
weight. Tlie on lent ol the condcasation is controlled mainly by the 
tr'TTiperntlire at wliicli the necvsssjry (i<'liy<lrali<»n of ortlioplK^sphatc is 
rlfectcd. Vusion of sodium plumphatc. XaTIjPO^, at (>on® gives a 
macromolecular polyinetaphospluitc, * sodium pli<»sphate glass,' 
Inrmerly tenrK*<l ' hexaniclaphosphate/ whil<^ careful hc«iting at 
gives ll^e cyclic tninctapluwphale, Na.^rj,Ott. Totrametaphos¬ 
phoric. acid is prepared by treat mg «• phosphorus j.H*nt oxide witli 
ice-c<M wilier. 

Analytical difltinctions. When 1 icato<l with excess of nilnc acid 
and ammonium molylKlale, all oxyacids of phosphorus or tlieir 
silts yi<'ld a can ary-yellow precipitate of ammonium phospho- 
molybclate (p. 714). S<»hitions of the silts of the phosphoric acids 
can be distinguished as follows: 

(1) 1‘he insoluble silver salt of orthophosphoric acid is ycUoxc\ 
of Uie other acids tv/rik. 

(ii) Mctaphosplioric arid will coagulate a solution of albumen, 
the other acids will not. 

Fermonophosphoric acid» HjPO^, is obtaimnl in solution by adding 
phosphorus pent oxide to concentrated ice-cold hydrogen peroxide: 

PA4 2H A-l-lisO=2H3POs. 

The solutions have jM)werfuI oxidizing properties resembling those 
of [lermouosulphuric acid. A perdiphosj>horic acid, H4P2O8, has 
also been reported. 

Comparison of the oxyacids of pbospboros. —A few of the pro¬ 
perties of these somewhat confusing substances are shown in the 
table (p. f>32). They are all coloiirlt^ss hygrtiscopic solids soluble in 
water, except pyrophosphorons acid and the perphosphone adds, 
which are known only in solution. 

Haiidics of Phosphokus.— l*he principal hnlidej; of pliosphorns 
are: 

Fluorides Chlorides Bromidrs Iodides 

PF3. PF, PCI3. PCI5 PBr^, PBr, PJ4, VU 

and a number of mixed halides arc known. 

X 
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They are volatile substances usually preparetl by the union of 
the’ elements. The iodides and higher bromide are yellow, re<!, 
or orange; the fluorides, chlorides^ and Inbromide colourless. They 
an* iill diK’.omposed by water with the formation of hydnjgeu 
h.dkle, together with phosphorous acid from the trihalides ai^d 
[jliosphoric add from the penlalialides: 

PF34 3H2O - P(0H)3 I-3HP. IT.r^^ 4H30-H3p0,+5HBr, 

(finsequcnlly they fumcr in moist air. Tlie trihnlidcs combine with 
oxygen on heating, or sometiims in I he cold, to fonn uxy halides' 

2PCI3IO, 2POCI,. 

hut the tri-i<Klidc docs not show this reaction: tlie i>entahalides arc 
table against oxygen unless strongly heated, when they ilissociatc: 
III any case into the trihalide and inv halogen, the reaction: 

J^\3+X^:F*PX^ 

:X represents a halogen atom) l>cing m all cas<.*s reversible. 

The melting- and l>oiling-points of the iialidas an* shown in the 
tabic: 
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Phosphorus fiaorides.—Hath the tri- and |x:titafluaridcs can be 
obtained by union of the elements, but the Irifiuoridc is l)est prepared 
bv the into I action of arsenic trifluoride (p. 643) and phosphorus 
trichloride. It is a colourless gas which unites explosively with 
oxygen on sparking the mixeil gases in the cold: 

2PH3 

and will combine with fluorine or any of the halogens to form 
pentahalides. It is hydrolysed by water {contrast nitrogen 
tri fluoride). 

The peniafluoridc was first prepared in 1887 by the action of 
arsenic trifluoride on phosplionts pcntachloride: 

5AsF3+3PCl5=-3PI% t -fsAsClj. 

It is a strong-smelling colourless gas which is hydrolysed by water, 
but in the absence of water it docs not attack glass. 

Phofiphonia trichloride, PCI), is commonly prepared by direct 
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combination in an apparatus similar to that illustrated, in which 
a brisk current of dry chlorine is passed over the surface of molten 
phosphorus (the fusion is most safely accomplished with warm 
water). A flame appears in the retort in which this operation is 
carried out, and which must be filled with carbon dioxide before the 
chlorine is admitted, and the heat of the reaction is sufficient to 
boil the trichloride, which can be purified by a single redistillation. 
It is a colourless liquid of density 1*6, decomposed by water an<l 



other hydroxylic solvents, but soluble in inert organic liquids: it 
is covalent. 

It is a very reactive substance whose chemistry is controlled by 
(i) the avidity of phosphorus for oxj^cn or hydroxyl, and (2) its 
donor properties, which may be attributed to the lone pair of 
electrons. With water, alcohols, and other organic substances 
containing hydroxyl groups it forms compounds in which the 
hydroxyl grouj) is replaced hy chlorine, and is sometimes used for 
this purpose in organic chemistry, though it has largely been super¬ 
seded by Ihionyl chloride. It reacts with oxygen on heating, form¬ 
ing the oxychloride POCI3, and is explo^vely oxidized by nitric acid. 
With ammonia it forms a compound, PC^-ANH^. 

Phosphorus pentachloride, PClg, is prepared by the action of 
excess of chlorine on phosphorus trichloride or on phosphorus, A.s 
the product so readily reacts with the moisture of the atmosphere 
it is best to prepare it in the vessel in which it is to be preserved. 
A quantity of the trichloride (which may be replaced by a con¬ 
centrated solution of phosphorus in carbon disulphide) is placed in 
a bottle and a brisk stream of chlorine, which must be dry, is led in 
through a wide tube. It is best to provide a glass stirrer for use 
in the later stages of the reaction, during whicl) the bottle must be 
cooled. When uU the Iricliloridc lias been con veiled to the colour¬ 
less solid pcntachloride, the chlorine is driven from the apparatus 
by a current of dry carbon dioxide and the bottle secured with a 
well-vaselined stopper. 

The colour and vapour-density of phosphorus pentachloride both 
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indicate ]>artial and fully reversible dissociation into the trichloride 
and chlorine on heating: 

PCU^PCla+Cla 

.M 200^ about half the pcntachloride is dissociated. 

The constitnliun of this compound—i.e, its electronic structure— 
lias been the subject of some speculation. The pcntachloride is 
j covalent compound wliich in 
tiie pure state will not conduct 
<loclricity» but the solutions in 
(f'vtiiin solvcnt> such as nitriK 
I>en4ccne do have this power. 

N Tuy diftraction applied to the 

< ryslalline solid has given the 
r V plana tion, by showing tliat 
ihc pcntachloride is formed from 
etpuil lumibers of the ions (ITIJ' 
and (I'Cy*. which wlicn released 
in solution confer conduct!vitv. 

The va}>our, on the other hand, 
consists of siiigU* niuk'cules, 

PClg, of bipyramidal shaix', in the 

< iuistitution of which the tliernial 

FlC. 1 ^ 2 . I'RJmARATlOS or PllDS- 
ehoKes Pentaculoiudk 

IS a 

piwcrful chlorinating agent, and is widely used in organic chemistry 
lor this purptjsc; thus witli alcohol: 

CjHpH i PClj^^C^ip + IICl t H POCIj t* 

The evolution of hydrogen chloride in the cold is consklored to be 
evidence for the existence of a hydroxyl group in the molecule, 
hut on heating phosphorus ix'iitachlciride will chlorinate many 
i:ompounds which contain no hydroxyl, e.g. ethers. 

(c,H,),o +pa,=20.311,Cl -hpoci, t. 

The hydrolysis of the penfadiloridc yields phosphoric acid and 
hydrochloric acid, biit in the absence of a large excess of water 
considerable c|uanlilies of pliosphoiyl chloride. POClg, may be 
produced. The pentachloridc forms two compounds with ammonia: 
PCIR.8NH3 and PC1 ,.ioNH3. 

BromidM of phosphorus comprise the tribnjmide ajul the penta- 
bromide, both of which arc produced by direct union of the elements. 
The pentabromidc melts l)eluw loo'^ to a liquid mixture of the tri- 
bromide and bromine containing only a small residue of the penta- 
bromide in e({uilibrium. 


dissociation is nid reflected. 
Ph o.sj>h or u s ])ei 1 1 acliloride 
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Iodides. —The stablest iodide has the fonnula P^I^. and is pre¬ 
pared by mixing carbon disulphide solutions of the elements in 
the correct proportions. The tri-iodide Pl 3 is much more soluble 
in carlxm disulphide, and this method of preparation is unsuitable: 
it is made by the action of hydrogen iodide on phosphorus 
trichloride: 

PCU+sHl^PU+aHCl 

The hydrolysis of the iodide's of phosphoras is made use of as a 
source of hydrogett iodide. 

PHOSPHOKUS OxYHALipES.—In addition to the phosphoryl tri- 
halides, POFj, POCI 3 , and POHrj, other oxyhalides of less 
importance are known. The phosphorjd trihalides arc produced 
by oxtdatiojk of the trilkalidcs of phosphorus either by heating in 
the air oi otherwise, or by an mterroediutc stage of the hydrolysis 
of tlie phosphorus pcntahalidcs: 

PCU+H^O = POCljH- HCl. 

Phosphoryl fluoride is a colourless gas, the chloride is a colourless 
liquid, ami the bromide an orange solid: the melting- and 
boiling-points arc: 

roJ-t P(K7, FiWr^ 

Mi’lling-j>oml — +2* 56® 

Boiling-pomf -40'' 105® i 0 '>“ 

Mer.riNc;- and J^o/uno-i-oints oi' iiik I*nnsi*iif>RVi 'I'RniALtnRs 

The phosphoryl halides are all hydnilysed by water, the products 
being phosphoric acid and the hydrogen halide* they fume in 
the air. 

Phosphoryl trichloride, POClj, usually called simply phosphoryl 
chloride, is picpared by oxidizing phosphorus trichloride with 
potassium chlorate. The reaction is violent, and the vessel in 
which it is carried out must be well cooled and provided with a 
reflux condenser. The product is filially distilled off, It is used 
in organic chemistry as a chlorinating agent. 

Phosphorus Sulphides,— Phosphorus and sulphur react vigor¬ 
ously when heated together, forming a product which contains 
several of the large number of binary compounds of these elements 
whicl) have been reported. They may be prej>are<l in the laboratory 
by mixing finely-powdered red jihosphorus with the theoretical 
quantity of sulphur, and heating the mixture in a current of an inert 
gas (carbon dioxide) until reaction takes place. The molten mass i.s 
then allowed to cool, broken up, and purified by various methods. 

Tetrapbosphorus trisulphide, P4S3, is the most important sulphide 
of phosphorus, and is the principal ingredient of the mixture used 
for tipping one kind of match. It is made on the commercial 
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^ciilc by heating a mixture of sulphur and phosphorus in carb<jn 
ilioxide to about 330"^. When prepared in the laboratory it may 
}jc purified by extracting it with carbon disulphide, evaj-Kirating to 
dryness, and boiling it with w’atcr, by whicli it is only very slowly 
livdojlvsed, whereas hot water soon decomposes the other sulphides 
ul phrjsphurus, forming hydrogen sulphide, phosphoric acid, and 
mIIkt ])ri)<lucts. It is a yellow ciystalline substance melting at 
17-I ; stable in the air. though readily taking fire whvn liealed, 
in the absence of air and water it can l)e heatotl to a high temperature 
without decomposition. 

Tetraphosphonis heptasolphide* differs fnnu the compound 
jiHt mentioned by Ixniig nearly uw»Iul>le in carlwn disulphide. It 
(s den>mposed by water more rapidly than llie tHnitasulplude. 

Phosphorus pentasulphide, is a ]vtle yellow solid, melting- 
)ioint 2C)<)’’\ CA)Ui wnter gradually hydrolyses Jl to <irtho-pho!^]>hurut 
li id and liydrogt'o sulphide. 

Phosphorus nitride* (P5Ng)fl.-^This interesting compound can be 
>nade liy a variety uf melluids, tif winch the simplest is )>iTha|>s that 
duo to S'itK‘K: phosphorus penliLSulphiile is strongly hoatod m 
arnmmiia. The priKlnct is a colourless solnl without tasti' or smell, 
which must Iw liealed to a high temperature in before it 

<lecomj)Oses into its elements. It ls uiiafflicted by cold water, but 
hv boiling water is slowly decomposed into phosphoric acid and 
ammonium pliosphatc. It burns if xtronglv heate<l in the air. On 
careful healing in vacuo at 750^' nitrogen i.s lost, anti Die nitride 
r)f simpler empirical com|)UNitioii 1 *N sublimes as a red s<did. The 
structures of the sulphidi*s have l)cc*n revealed by X-ray diffraction, 
but those of the nitrides of phosphorus s-till await ehiddatitin. 

AllShSIC 

As^7.|*0T. Alutnic Nimhcr, 33 

History,- Yellow urseiuc snljihide was employed a«5 a pigment 
by the ancient Assyrians, whenec the name sandarach, from Siurfu 
ayqu, yellow paint. Both n'algar and orpiineiit (As^S^ and As4Sg) 
were employed by the Alexandrian and later alcliemists, anti 
Jabik knew how to extract Uie element from them. Al-Ikaoi 
(about 1260) pointed out the resemblance between orpiment and 
stibnitc (Sb^S,), while the formation of white arsenic (As^Os) has 
been known at least since tlic time of Pliny. Bhakot (1774) 
ri'cogni^d that white arsenic W'as the calx of metallic arsenic. 

Occurrence and Extraction. —'fliough not very abun<lant. arsenic 
is widely diffused in small quantities. Sulphides are frcijucntly 
contaminated with arsenides, and the removal of this arsenic is 
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usually necessary if the siilpliides are to he used for tlie ext/action 
of metals or for the maruifaciure of sulphur dioxide: the oxides of 
arsenic arc notorious as catalytic poisons, and liave caused much 
dlfhc\illv in plants such as tliose usctl for the contact process. 

'J'lie two priiicipal ores of arsenic arc the sulj>liidcs realgar, As^S^, 
and orpimtnl, As^S^, but these arc not ^jcncrally worked for the 
element, which is manufactured by heating certain mixed arsenidcf, 
of which mi$pickel, FeSAs, is the most important, in the absence of 
air. The o|>cration is carried out in r<‘torts not unlike those used 
for the distillation of zinc (p. 502), and the arsenic, or some of it, 
sublimes and is collected in slicTt-iron amdensers. It can be 
iiw\ from all impurities except antimony by mixing it with charcoal 
and subliming it. In the lalwratory the purest arsenic can lx? 
prepared by precipitating arsenious oxide from a solution of a pun* 
jirsomtc, mixing it with charcoal and distilling the arsenic from 
the mixture. 

Properties. —Arsi'nic exists in three allotropic modifications, as 
follows, 

1. Metallic arsniic^ the stablest fomi, (»btaiiied by licating anv 
other f<Jiiu or by slow sublimation. It is u brittle grey subsianee 
of density 5*7. a conductor of electricilv, and sublimes on strong 
heating, the vapour pressure reachii\g 7O0 mm. at about 620". 

2. Yellow arsenic is obtaim'd when arsenic vapour is suddenly 
cooled, and is me last able at ordinary temiKiratures. It is very 
much less dense iJian the other forms of arsenic (density 2*1). nnd 
is the only modification to be soluble in carlxin disulphide. In the 
solid stale it rapidly changes into the grey form, particuhirly 
when exposed to light, and if it is to be preserved it must thcretoro 
be dissolved in c.irlK>n disulphide as soon as it is produced. It is 
a translucent substance winch docs not conduct electricity. The* 
boiling-point of tlie solutions indicates a molecule AS4. 

3. Black arsenic is slowly precipitated from carbon disulphide 
solutions of the yellow variety, and is also the first product of the 
transformation of the solid form of this substance in tin? cold. 
It differs from metallic arsenic in its smaller density (4'f>), by being 
translucent, in its greater resistance to oxidation by air <)r nitric 
acid, and by not possessing the power of conducting electricity. 

Afftorphous arsenic is obtained as a brown powder by reducing 
arsenic comjwunds with such substances as stannous chloride or 
sodium hydrosulphite. It is an amorphous substance of variabh^ 
density—4*0 is a representative value. 

At atmospheric pressure and near the sublimation temperature 
the \'a|)Our of arsenic consists chiefly of tetra-atomic mole(*ules, but 
if the pressure is reduced or the temperature increased, the mean 
molecular weight diminishe.s and single atoms make their appearance. 
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l.iko phosphorus, arsenic can be mad(^ to exhibit phosphorescence 
when heated in air or oxyRen, but the phenomenon is less con- 
^|iicuons and a temperature of 200® is necessary. If heated in air 
ui oxvRcn, arsenic hums to form the trioxide As^Oj. 

TIk* standard electnxle potential of metallic arsenic Ls about 4-0*3 
volt, so it wiU not dissolve to any considerable extent in acid 
M>I lit ions, unless these have an oxidizing action. By bolting 
innrcntrated sulphuric acid, or by nitric acid, it is converted to 
till' trioxide or to arsenic acid. It will not combine with hydrogen, 
iiidoss nascent, but it combines eniTRclicnUy with the halogens. 
Arsenic will deposit the nn‘lal from solutions of salts of sUver, 
< •ipper, gold, or merciir>\ 

Arsenic hydride« arsine, AsH9.—lliis is the only known ])yilride of 
(iiM'iuc, I hough organic derivatives of the hy|V)t helical liv<iridcs 
A^.JlL and Asgll^ arc well known. It is obtuiniHl by llu- action of 
iKisccnt hydrogen on arsenic, which may 1 h* present as tlic element 
Mr in solution as aT>enio«s acid. The ])r<Klnct of this reaction 
‘‘oiUains a large pn^porlion of hydrogen, and the pure gas must 
lie obtained by tlie action of acicls on arsenides; the arsenides of 
vidinm and calduin have been rocoimiiriKled. 

Na^As } 3H' • ASH31 4 iNa*. 

The product of this reaction also contains hydrogen. It is first 
ifned and then condensed in a fret^zing-mixture at about —90®, 
which allows the hydrogen to j>ass on. 

Arsine is a colourless gas with a repulsive smell resembling 
that of garlic. It is intensely poisonous even in great dilution, 
and ha.« caused the death of more than one investigator. It can 
Ix! condensed to a liquid at —55®: Ihk liquid freezes at —113®. 
The gas is scarcely soluble in water and is little affected by acids 
or alkalis, but it dissolves freely in turpentine. It is unstable*, and 
when heated to 200® or so, or expo^ to sunbght, decompioses 
into its elements, 'The decomposition is accelerated by various 
catalysts: even pure arsine slowly decomposes in the dark or in 
the light. The decomposition of arsine by heat is the basis of the 
celebrated Marsh test for arsenic (p. 646). It is readily converted 
to water and arsenious or arsenic acid by oxidizing agents, and can 
be absorbed by a solution of silver nitrate, from which it precipitates 
silver: 

AsH3+6Ag+3HtO=AsOj"'+6Ag | +qH'. 

Arsenides* —A large number of these compounds occur native 
in an impure form, e.g. Ag^As, CoAs,. In the laboialory they are 
usually prepared by direct combination, either by heating the 
element with arsenic or by passing llie vapour of arsenic over thf 
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element, but occasionally arsenates are reduced; thus calciun) 
arsenide, Ca^Asj, is prepared by heating calcium arsenate with coke 
in the electric furnace (compare calcium phosphide). The arsenides 
are usually <lark“CoIourcd solids, s^jmotimes transparent. The 
arsenides of the alkali-metals, alkaline-oarlli metals, and alumininiu 
are sufTicientlv soluble to )x3 dccoinp<)Scd by water intc^ arsine and 
hydroxides, the other arscnhics are mostly insoluble in water, but 
aio oxidized to arsenates by hot nitric acnl. 

0.xu)iiS OF Ausenic.—T he principal oxides of arsenic are the 
scsqiiioxido or trioxidc, As/),, and the pentoxide, As^Oj^; a telruxide, 
As/)^, IS al'so known. The formulae given are empirical. 

Arsenic triozide, arsenious oxide, As, 0 „ is formed when arscnii 
burns in air or oxygen, but the arsenious oxide of commerce is a 
by-pr<jducl ot the extraction of certain metals, notably tin, from 
their arseiaocontainiiig ores. The vapours from the roasted ore 
contain sulphur <lioxkle and arsenious oxide, and the latter is caused 
to settle in a<lust-eollecting plant and purified by sublimation. Pure 
arsenious oxide can be precipitated from a solution of pure sodium 
arsenate i>v sulpluir dioxide: 

2A50," h2S0, | H20 As^Oa j 4 2S0/+20ir. 

'Jlio oxide exists not only in the crystalline foim, but as an uikIit- 
cooled liejuid called viIhhuis arsiunc Irioxule. obtained by c(ni- 
densing tlio vapour on a relativHv hot surfaix*. hn\]\ forms air 
colourless. The vitreous form slowly reverts to the crystalline 
form on keeping, though by the exclusion of air the transformation 
can be almost indefinitely ret arch'd. The crystalline oxide sublimes 
on heating, but the vitreous oxide melts and then boils. The 
vapour density at fairly low tcmj>eraturcs corresponds with the 
formula As40*, but at higher temperatures molecules of ASgO^, are 
found in the vapour; the cjystal unit, as determined by the X-ray 
method, also corresponds with a molecule 

Arsenious oxide is slightly soluble in water, and the unstable or 
vitreous form has a markedly higher solubility than the crystalline 
form. At room temperature the solubilities are about 37 and 17 
gni. per Hire rc^spectively, and the solubililv increases with the 
tempera tuie. llie oxide is amphoteric, and is more soluble in 
acids or in bases than in water. The aqueous solution has weakly 
acid properties, and is said to contain arseuious acid, HjjAs03. It 
is monobasic, and the dissociation-constant is of the order I0“*- 
10“^^^, so the add is very weak. 

Arsenious oxide can be reduced to arsenic by heating in hydrogen 
or carbon monoxide, but arsenious acid and the arsenites arc fairly 
powerful reducing agents, being converted to arsenates: 

AsO/"+O^AsO;". 
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Arsenites.—The complexity ol these compounds recalls that of 
the oxyacids and salts of phosphorus. The arsenites of the alkali- 
iiifials and ammonium are obtained by dissoKang the oxide in the 
l)ase and are soluble in water; they arc used in volumetric analysis 
rts reducing agents, particularly for the titration of iodine, but the 
sdiulion must be buffered: 

A50/"+I*+H*0=As 0/"H 2r+2H-. 

(ViKidiilcs or iodates can also be reduced to iodides. With neutral 
solutions of silver nitrate a precipilate of yellow silver orthoarsenile, 
ASjAsO^, is obtained, but if sufTiciont ammonia is present the silver 
ml rate is reduced to silver: 

AsCV"+2Ag‘ + H,0«As(V".| zAgi +2H . 

fl is obvious that the reduction will be favoured by an alkaline 

soluti<m, 

Srkiium ars^nUc is obtained in solution by dissolving arsenious 
'f\idc in caustic soda. If llie aTMuiites of sodium arc require<l pure 
•uid anhydrous, they may b<* prepared as follows: 

1. S()dium orthoarsenite, NujAsOj. is insoluble in alcohol, and is 
ubtaiued by heating arsenious oxide wiih alcoholic caustic soda 
and extracAing with alcohol. 

2. Sodium metarsenite, NaAsOg, is prepared by dissolvmg 
ursenious oxide in a hot solulion of siMlium ccu-bonalc until no more 
uction takes place: the solution is thou evaporated to dryness. Both 
these suits are soluble in water. The solutions have an alkaline re¬ 
action from hydrolysis, and if acids are added to them arstniioiis 
Mxidc IS precipitated; even a solution of carbon dioxide is acid 
enough for the purpose. When required for reducing pur]x>ses the 
M)lutions are therelure usually kept alkaline. 

Copper arsentU can be <jbtained as a precipitate of variable 
i omf>osltion from a suJutiou of rop|>er sulphate and a solution of 
arseiiious oxide in potassium carbonate. It was formerly used as 
a green pigment under the name of * Schecle’s green/ but the 
sale of pigments containing arsenic is now illegal in most countries. 

Arsenic tetroxide, As^O,,, is obtained by healing the trioxidc and 
the pent oxide in equiniolecular proportions. No series of salts is 
derived from it. 

Arsenic pentoxide, AS4OJ0* is oblaincd by the oxidation of the 
irioxidc. The operation is usually carried out by boiling this 
substance with concentrated nitric acid. When the action is over 
the liquid is decanted and the residue freed from water and nitric 
acid at a low red heat. 

The pentoxide is a white powder which, like arsenious oxide, can 
also exist in the vitreous orundcrcooled condition. It decomposes 
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on heating lo about 400^ into oxygen and arsenious oxide, whicli 
v0lalili7.es; this decomposition lakes place before it melts. TJic 
solid is hygroscopic and dissolves in water lo form a solution 
said to contain arsenic acid, HjAs04, but it has not the exceptional 
drying properties of the pentoxide of phosphorus. Whether in 
the dry state or in solution it is an oxidizing agent. It can b<.' 
reduced to arsenic hy means of hydrogen. 

The pentoxide dissolves only slowly in cold water, but more 
rapidly on heating, though the solubility is high at all temperaturr^, 
and the saturated solution has a density of more than 2. Arsen.V 
acul is rather weaker than orthophosphoric acid. 1‘he first di'-- 
socialion-constant is about 5x10“^ and the second and thirrl 
constants lower than the corresponding values for phosphoric acid; 
the acid can be titrated a« a monobasic acid with methyl orange 
and as a dibasic acid with phenolphthalein. Solutions of the 
arsenates are therefore considerablv hydrolyst'tl. 

Arsenates can bo reduced to arsine bv nascent hydrogen in acid 
solution: 

H 3 As 04 +RH«AsH 3 t +4H,p> 

but in alkaline solution Uiis reaction will not take placc^this is 
one of the distinctions between arsenates and arseniles. The 
oxidizing power of the iirsenates is not very gnsat; they will liberate 
bromine or iodine from acid solutions of bromides or hxiides, but 
with chlorides the reaction is far from complete. As already noted, 
sulpiiur dioxide precipitates arsenious oxide from arsenate solutions. 
Hydrogtin sulphide precipitates arsenic pcntasulphide from acid 
solutions; 

2As04'"+6H*+5lLS=As2S5i + 8 H 2 O, 

but if the temperature is raised, arsenic trisulphide and free sulphur 
also make their appearance. 

Arsenates. —These compounds are usually t>biamed by the 
interaction of arsenic pentoxide with a base, but they may al?<^ 
be prepared by oxidizing arsenic in the presence of suitable salts, 
e.g. potassium arsenate can be obtained by heating arsenic with 
potassium chlorate, or arsenious oxide with p>ota5siuin nitrate. 
Ort hoarse nates derived from Hj,As04, pyroarsenates derived from 
H4ASJO7, and metarsenales derived from llAsOa, are all known. 

Disodittm hydrogen orlhoarsenaie. is prepared 

on the commercial scale by heating a mixture of sodium arsenite 
and sodium nitrate in a furnace. It can also l>e made from arsenic 
acid and sodium carbonate solution. It is a colourless compound 
used in calico-printing; like all the arsenates of the alkali-metals 
and ammonium it is soluble in water. 

When treated with hot nitric acid solutions of ammonium 
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molybdate, arsenate soJutions all deposit yellow precipitates 
consisting of complex arsenomolybdates. In this the arsenates 
fcscmblc- the phosphates, but they can readily be distinguished 
from the phosphates by their oxidiaing powers. 

Aksenic Halides. — In these compounds the intermediate 
^ haracter of arsenic between the non-metal phosphorus and the 
metals antimony and bismuth is very clearly marked. Arsenic 
1<Tms trihalides with ail the halogens, a pentaAuoridc, and a di- 
mdidc. and perhaps a monoiodide. Tlie melting- and Iwnling-points 
of the halidt^s arc as follows: 
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They arc all decomposed by water, except the tri-iodide, which is 
fairly stable in solution: as with the corresponding compounds of 
phosphorus, the first products are oxvhalidcs and the final products 
un oxyadd and a hydrogen halide. 

Arsenic triftuoride, A.^F9. can be picpared by union of the elements, 
but the preparation of fluonne can lie avoided by distilling a mixture 
of calcium fluoride and arsenious oxide with concentrated sulphuric 
acid. It is a colourless volatile liquid with a peculiar smell. As it 
is fairly easily obtained, it is sometimes u.sed in the preparation of 
fluorides of other elements, e.g. of phosphorus (p. 633), 

Arsenic pentafluoride* AsF^, is obtained by the continued action 
of fluorine on the trifluoride. It is a colourless gas which is 
decomposed by water. 

Arsenic trichloride, AsCl,, is the most important of the halides 
of arsenic, and was once known as * butter of arsenic.' Arsenic 
bums when gently heated in chlorine gas (if finely divided it takes 
fire spontaneously), and the trichloride can be obtained by the 
action of chlorine on the element or on many of its compounds, 
such as the trioxide. If the element is used the operation is usually 
carried out in a retort, and the trichloride purified by distillation. 
The volatility of the trichloride allows arsenic to be removed in 
this form from solutions, and this was formerly made use of in one 
process for the de-arseniiication of sulphuric acid, but it is now more 
usual to remove the arsenic from the reactant gases. 

Arsenic trichloride is a colourless fuming liquid of density 2*2. 
Its vapour has a density corresponding with the formula AsCl|. 
As the hydrolysis of the trichloride produces arsenious acid the 
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vapour of this substance is extremely poisonous. The liquid is a 
non-conductor of electricity, but it forms ionized solutions with 
such salts as will dissolve in it: in this it resembles hydrogen chloride 
The reaction with water: 

2AsCl5+3H,0^As,0,-(-6HCl, 

is to some extent reversible, since arsenious oxide is much more 
soluble in concentrated hydrochloric acid than in water: the addition 
of water to arsenic trichU^ride may or may not pn^duce a precipitate 
of the trioxide, according to the temperature and the proportions. 
The trichl(>ride will dissolve laige q nan titles of chlorine, esjK‘ciaLy 
at low temperatures, but it is all given off again on heating, an.l 
the hydrolysis of such a solution produces no arsenic acid, only 
arsenious acid. This and other evidence makes the existence ot 
a pentachloride unlikely. 

It IS interesting to note that the bioininc or iodine in electrovalont 
bromides or iodides will displace chlorine from arsenic trichloride 
when bromides or iodides arc heated with this comjKjund. Thr 
reaction is not always complete, but the most electronegative of the 
three halogens—i.e. chlorine—most readily enters into clcclrovalent 
combination. 

Arsenic iodides.—Like phosplioms, arsenic forms lx>th a tri- 
iodide and a di-iodide. AsJi. Each iodide can be obtained }>y 
direct union of the elements in suitable conditions, the former in 
carbon disulphide, the latter in a scaled tube at 230®. The tn-iodidr 
is a red solid which is less affected by water than the other halides 
of arsenic, and can Ikj recovered unchanged from solutions in 
hydriodic acid. The di-irHiidt, which forms red crystals, is loss 
stable than the tri-iodidc, is readily oxidized in the air, and is 
decornpi?srd by water with the j)recipitation of arsenic, tlie first 
stage of the reaction ix>ing: 

3AsJ4=-4.Asl3 4 2 As| . 

The molecular weight of arsenic di-iodide in carbon disulphide 
solution is found to correspond vdth the formula AsJ^. 

Arsenic Sitleiiides. —Arsenic forms three well-defined sulphides 
with the formulae A54Sg, As4Sjy. and AS4S4, and other sulphides have 
been descrilx’d. 

Arsenic trisnlphide, AS4S4. is found native in many parts of the 
world, and is known as orpimmi, !t is used as a augment, and is 
manufactured for this pur^x)sc by sublimation of a mixture of 
arsenious oxide and sulphur. In the laboratory it can be prepared 
by precipitating arsenious solutions with hydrogen 5ulj>hidc. If 
the solution is acid a yellow precipitate is obtained, but in neutral 
solution the product is a stable colloidal solution of the trisulphide: 
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M lint ions of this substance and of antimony trisiilpliidc are m) 
prepared that they have l)een used for many cxjH'riments 
,.n luilloid^ 

The tnsulphide is easily oxidized by heating in the air» with 
production of the trioxide, but if heated in the absence of air it 
HK'lts at about 320^ and Ixuls at about 700^ It is not among tlic 
soluble of the sulphides, and is slightly hydrolysed by boiling 
w.diT, while conccntratctl acid solutions lilierate from it hydrogen 
sulphule. It is easily oxidized by nitric acid. It dissolves in a 
'oluiion of animonium ixilvsiilphidt*. forming a thioarsenile (set? 
i)iT>w), aiiil lids is made use of in analytical chemistry for the 
st'pnratiou f)l arsenic (and uiUiinony) from oilier elements. It is 
,ilso sohible in canstic alkalis: the solutions am tain comjmunds in 
whicli I lie (»xygeu of the arseniles has been i)artly or wholly replnced 
iiy sulphur, and which are thendore callerl thioarsenites. A large 
luiinber of such coTn]Hmnds is known, corrcbjwiding with tho varunis 
jVM'Uites. and produced bv reucthms similar to the following; 

Asj$^ I 40H' 3AsS/.| AsOj'-I 2II-O. 

Arsenic pentasulphide t an lx* pn*cipitatcd by liydrogtui sulphide 
Iron I cold very acid sointious t)f arsenattrs: 

^AsO/'HbTl -fsllaS* AsjSgi + 811 /). 

If hydrochltiric acid is used it iniisl Ih* cautiously mixed with the 
arsenate solution, for chlorine is evolved if the tcmix'rature rises 
t(/t> high. 

The pciitasulpldtle resembles the trisiilpliidc in appear aucp, and 
when heated to alxjut $i)o'' ynelds the trisulphide and sulphur. 
H(‘ated hi air at lower temj>eratures it slowly Ix'comcs covtrred with 
arson it >us oxide, and it is hydrolysed by boiling, but not perceptibly 
hv cold water. It dissolves in alkaline solutions to form thio- 
irsenates which boar the same relation to the arsenates as do the, 
fltio.irsouites to the arsenites; they arc derived from such acids 
as II3ASS4, HAsSj, and H^AsgSy. 

Arsenic disulphide, As^S^, occurs native as realf’ar in many parts 

the world, and is used as a rc*d pigment. It can readily be made 
artificially by distilling a mixture of sulphur with excess of arsenic. 
The colour of the product, and licna' its commercial value, depend 
on the relative proportions used and on tlie other details (^f the 
preparation. 

It is a red or rcddish-yclJow solid which melts at 310®, boils nt 
5^3^, and cau eitsily be sublimed in the absence of air, but if strongly 
lieatcd in air it bums. The vapour is yellow and can l>e shown by 
vapjur-density measurements to be composed of AS4S4 molecules at 
temperatures not far above the boiling-point. It is insoluble in 
cold water and decomposed by boiling water. 
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Physiological Action of Arsenic. —All the soluble compounds 
of arsenic are virulent poisons, and arsenic in various forms has 
been used by poisoners for centuries, usually in the form of ‘ white 
arsenic.' arsenious oxide. Immunity can l^e gained by small dose^ 
gradually increased, and in some parts of Europe (e.g. southern 
Austria) the practice of arsenic-eating is believed to improve the 
health. Once acquircfl. the habit cannot safely be relinquished, 
and it is <;aid that employees in arsenic works are obliged to take 
arsenic with them when they go on holiday, as they otherwise 
suifer in health from the lack of the small quantities that nonnall'; 
enter their system. Organic compounds of arsenic are administem* 
in small doses in medicine. 

Detection and E^stimatioiL—Arsenic is lortunately among tlie 
most easily lecognizcd of poisons. The bodies of those who have 
died from its administration are often well preserved, a fact Ihnt 
can be attributed to the toxic effect of the arsenic on the bacteria ol 
decomposition. Arsenic can be separated from organic matter by 
berating the latter with excess of sixlium chloride and a little con¬ 
centrated sulphuric acid; the arsenic distils over as the volatiK 
arsenic trichloride, winch is received in water. Hydrogen sulphidi^ 
then iirocipilaies the trisulphide from the solution. If only small 
quantities of this substance are obtained they can best be estimated 
by the well-known test first described by Maksh {1836). and named 
after him. 

In this test the solution saspected to contain arsenic is added to 
a solution in which hydrogen is being generated. The arsenic is 
converted to arsine, AsH^, and if the issuing hydrogen is heated in 
a ctunbust ion-tube the arsine will be decomposed into its elements 
and a stain oi arsenic will appear on the glass. The hydrogen was 
formerly generated from zinc and hydrocliloric acid, but an electro¬ 
lytic method is nj>w almost universal. However pure the zinc 
used, it was never possible to prove with absolute certainty that 
the pieces used in the test really contained no arsenic, even though 
a number of other pieces from the same sample contained none. 
In the electrolytic method the hydrogen is generated by the electro¬ 
lysis of dilute sulphuric acid with a mercury cathode. These 
substances are both liquids, and if the apparatus gives a blank 
result before the suspected solution is introduced it cannot be 
suggested that any arsenic found was originally present in the 
reagents. 

rhe anode and cathode corapartrnents are separated bv a porous 
diaphragm, and the whole cell is immersed in a cooling batli to 
prevent the premature decomposition of any arsine. The hydrogen 
issuing from the cathode compartment is dried by calcium chloride 
and then passes into the com bust ion-tube, a section of which 
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is electrically heated. A mirror, if any is obtained, will appear 
:it this place. Any antimony present in the solution will fonn 
a mirror together with the arsenic, but it can be distinguished 
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by its jns<jlubilily in a hypochlcjiito volution. The quantity ol 
arsenic present is (‘Stimatc^ by comparing (he mirror with other 
mirrors made from known quantities of arsenic. 


Antimony 

Sb=i2i'76. Atomic Number, 51 

History.—jFznmtI. painted her eyas with stibium (SbgSj), but is 
not to be regarded as an innovator of fashion, since the custom w;is 
widespread in ancient Kgypt and the civilizations of Mesopotamia. 
Objects of metallic antimony dating trom some thousands of years 
before Christ have been excavated, and the Moslem alchemists w'cre 
well acquainted with methods of preparing the element from its 
sulphide, which they called kub! or kohol. The name * antimony ' 
is probably derived from the Gn'ek aiSfjuLviXiv, anthemonion, 
which was given to antimony siilj>hulc on account of the petal-1 ike 
appearance of the crystals in the naturally-occurring mineral. 
Basil Valentine, a pseudonymous writer of the early seventeenth 
century, made a thorough investigation of antimony and many of its 
compounds, and published his results in the celebrated monograph, 
The Triumphal Chariot of Antimony. ' Rutter of antimony' 
(SbCl3) was prepared by Glauber, who correctly interpreted the 
reaction between mercuric chloride and antimony sulphide, while 
powder of Algaroih (so named after Algarotto, about 1680, who 
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used it in medicine) was credited with wonderful <]ualitics of re¬ 
juvenating pjwcr by Pakacklsus (1403-1541). 

Occurrence and fraction.- Antimonv is not a ver\' abundant 
element. It occurs native, hut the deposits arc of no importance, 
iuid the priiicipai ore, called fitiUnUe, is the trisulphkle 
Antimony ores <H-(:ur in many parts of the world, including Ncirtli 
and South America, Cliinu, and Kraiice. 

Unless llio ore is an unusually rieli one it must be con centra Led 
beff>re the rodiiclion of the sulphkle to the metal is attempted. This 
IS usually done by melting the sulphide in j^erfurated pots, through 
winch il drips into ves.s<.*ls pluml to receive it, while the infusible 
impurities arc retained. Several mclh<Kls are availnblc for (he 
reduction of tPic sulpliide. In one method the sulphide is healed 
with iron: 

SbjSj I jFe ^Sh l-jleS. 

(‘otnmon sail is ad<led to the mixture to pnwince a lirpiid with 
the ferrous sulphide; lliis slag f(*nns an up|H'r layer wJiicli can l•»o 
removed. In anf)lhcr proces.s the sulphide is raised tr; a high 
leinptTature in a current of air, to which steam may bo added, and 
is tliojeby con vert ctl to the vulntilc Irioxide Sb^Oj, wliicli is cr^lloolod 
in receivers. This trioxide is reduced t(» the metal by heating with 
coal, but to prevent its Vidalilization at I be temperature necessary 
a tlnx .such us .sodium .sulphate is added which fonns a licpiid slag 
under winch the metal collects. Electrolytic procc,SM’s have also 
been devised. 

Uses and Refinement. —Metallic antim<iny is chietly used in the 
manufacture of ty|w-mclal :ind other cast alloys, to which it 
gives hardness. 

tCommercial unrefined antimony seldom attains a high degree of 
jnirity, and the metal is usually refined by fusing it in cnicibles 
with various substances, such as caastic soda, to remove sulphur, 
or common salt to rcmo\'e the more volatile chlorides. In the 
laboratory the purest antimony is prepared from antimony penta- 
chioride, SbClg, which is first distilled under reduced pressure, then 
allowed U> react with concentrated hydrochloric acid, W'ilh which 
it forms a compound cWoroantimonic acid, a complex of hydrogen 
chloride, antimony pentachloride, and water. This substance is 
precipitated in the cold, and fay recrystallization from concentrated 
hydrochloric acid can he ofatained very pure. A dilute solution of 
ammonia converts it by hydrolysis to antimonic acid, \vhich is 
heated, mixed with potassium cyanide as reducir^ agent, and 
melted in a crucible. The resulting mass of antimony is then rt'ady 
for use. 

AUottopic Fcrnna.— This element exists in four distinct 



GROUP V 649 

forms, and like other metals can also be prepared in the colloidal 
state. 

Grey or ordinary antimony is a stable crystalline substance with 
a density of 6 7, and metallic conductivity. 

Vdlow antimony is much less stable than the corresponding’ 
\arieties of phosphorus and arsenic, and very low temj>cralures 
;ire required for its preparation. It van l>e obtained by j>assnig 
0,‘cygcn and antimony hydTi<lc into liquid ethane at — ioo“: 

I 302=4Sb I +6H,0, 

and blackens rapidly even at very low tempcTaliircs. 

lilack antimony. —This form is unstable at ro<nn lempcrattire, 
,111(1 can be obtained by rapidly cooling antimony vajxnjr, prefer¬ 
ably on a surface rm)lc(l with li(|uid air. It is chemically more 
reactive than thv ordinary variety, and is oxidised at a mncli lower 
temjHTaturo by the air, and is also k*ss denw (density 3*3). It 
reverts to the grey variety on beating. 

Amorphous or explosive antimony is an impure form obtained 
on the cntliode by tl«* ek*ctrolysis <jf concentrated solutions of 
aiitiniony trichloride in hydrochloric acid. It is always associated 
with a .small percentage of tlie chloride. It ran he kepi indoftnitely 
at room temperature, but if heal<*d to 125'’ or over, (^r if shan>ry 
vlruck or even scratched, it grows hot and reverts to the cryslallivic 
form, simultaneously emitting fumes of antimony trichloride, It 
has been sliown by the X-rav method to be amf)rphous. ITiis 
variel y is uiislable at all lemi»erolures; its density is 5*8. 

General Properties.—Ordinary antimony ls a soft grey nu^tnl which 
melts at (fyf and boils at 1325'', vnth ek‘< trical conductivity about 
4 ]>er cent of that of silver. The va]x>ur <iensity ct'rresjxauls 
w'ith Sl\^ at low temixiratures and with Sb above 20<k)®. Its slau- 
dard electrode jKdential is probably rather less than that of bisinutli, 
and may be about +0*2 v<‘lt; it is in any case not far from that 
ot hydrogen, and antimouv v^iU not dissidve in hydrocliloric or 
sulphuric acids, whether concentralKl or dilute, in the cold. 

Antimony will burn in air or oxygen, fomnng the trioxide, but 
it must Le strongly heated first. In the presence of water the metal 
can be oxidized at a lower tCTnp)erature—e.g. by i)lowmg air through 
a suspension of the finely-divided metal in boiling water. Antimony 
reacts very vigorously with tlie halogens, and less vigorously witli 
])hn<iphoriis and snlpbiir, but it will not combine directly with 
hydrogen at any temperature. It is a less effective redticing agent 
than arsenic, and will not, for example, reduce solutions of 
mercuric salts, 

Antimony hydride, stibine, SbH).—This is the only known 
c^rniiwund of antimony and hydrogen. It can be produced by the 
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action of nascent hydrogen, either electrolytic or from zinc and 
acids, on antimony comj>ounds, these methods being very similar 
to those used lor the preparation of arsine, but is more generally 
prepared by the action of dilute acids on an alloy of antimony and 
magnesium. This substance, prepared by heating the metaJs 
together in a stream of hydrogen, is placed in an apparatus not 
unlike that used in the preparation of the hydrides of boron (p. 522), 
and is gradually added to an excess of dilute hydrochloric acid, 
kept at o® to minimize the dccomj>osition of the product. The 
issuing gas consists of stibinc with a large excess of hydrogen; it 
is washed, dried, and passed through a condenser c(K>led with 
liquid air, in which the slibinc coUcxls. It may be purified by 
fractional distillation at a low tcm|>eratiire. 

Stibine is a colourU'ss gas which can be condensed to a liquid at 
—17^ unci to a solid at —88®. It has a peculiar smell and is probably 
as dangerous a poison as arsine. It is an unstable gas which even 
at low temporalures readily decomjx^ses into its elements, the 
change taking place for the most part on the walls of the containing 
vessel (compare llic much stabler phosphine). Consequently it can 
Ix^ kept for a few days at longest. It is decomposed by heal even 
more easily than atsine. and antimony compounds give a posifivc 
result in Marsh's test (p. 64O), though the antimony mirror can 
without clifhculty be distinguished from arsenic by its iaisolnbihty 
in hypochlorite solutions, and by other methods. Stibinc is not 
very soluble in water, but it cau be absorbed by solutions of silver 
nitrate, from which it precipitates silver, antimony, and other 
substances. 

Antimonides.—These substances are usually prejjarttd by union 
of the olcincnts, but a few of them occur native. They resemble 
the arsenides, but are less stable towards air and water; some of 
them can be ignited by percussion. 

OxiDKs OF Antimony. —Antimony forms a trioxide, a tetroxide, 
and a pentoxide; these compounds having the formulae Sb40g, 
SbjO^, and Sb205. 

Antimony tri(»ide« antimonious ozide» Sb40(, is one of the 
products of combustion of the metal in air or oxygen at compara¬ 
tively low temperatures, but coasiderable quantities of other oxides, 
notably the tetroxide, are produced at the same time; and as this 
also applies to the roasting of the sulphide, a wet method of pre¬ 
paration is usually prefernkl. Solutions of antimonious salts may 
be precipitated with ammonia: 

2Sb *+ 60 H'=Sb, 0,4 + 3 H* 0 . 

but if caustic alkali is used the precipitate is soluble in excess, 
forming an antimonite solution. 



GROUP V 


The trioxide is a colourless solid which melts at 54 ^'’ boils 
:il above 1500°; in the absence of air it can be distilled. The 
vapour density corresponds with the molecule Sb405, but this 
dissociates at very high temperatures. When strongly heated in 
ail the trioxide bums >vith the formation of higher oxides. It is 
nearly insoluble in water—only o*i gm. per litre at 100®—so 
anlimonious acid cannot be directly prepared from it. The trioxide 
however, soluble in either acids or bases, and is amphoteric. 
Like arsenic trioxide, it can be reduced to the metal bv heating in 
a current of hydrogen, but it is a less vigorous reducing agr.nt. By 
fusion with sodium or polassium nitrate an antimonate is obtained. 

When antimony triuxide is boiled with a solution of potassium 
hydrogen tartrate, a solution of potassium antimonyl tartrate. 

' tartar emetic,' (K(SbO)C4! 1404)1^.1120. is obtained. 'Iliis is one 
of the commonest com|)ounds of antimony, and is used in medicine 
us an emetic, but in quite m<Klcrate doses it is a dangerous poison. 
It is also used as u mordant. 

Antimonioos acid and the antimonitee.Compounds of antimony 
trioxidc and water have been obtained by indirect methods, and 
may be classilicd as ' anlimonious acids.' Antimonitos may be 
obtained without diSicultv by treating the irioxide with bases 
cither in the solid stale or in solution. The considerable hydrolysis 
of these solutions indicates that anlimonious acid, ;ls would t)e 
exjHJCted fnmi the amphoieric nature of the trioxide, is a very 
weak rlcrtrolyte. The antinMniiics are less stable an<l less inij>firtant 
than the ursenilcs. 

Sodium aniinwniU\ NaSb0j.3H20. is obtained by boiling the 
trioxide with concentrated caustic sc^da: 

Sb404+4Na0ir^4NaSl>02+2H20. 

and IS one ot the few sodium sfxlts to be nearly insoluble in water 
(see also sodium antimonate): it is, however, hydrolysed by boiling 
water. 

Antimony tetrozide, Sb204. is the oxide of antimony most stable 
in air in the region 600^-700®, and is prepared by prolonged ignition 
of either of the other oxides at this temperature. OverJieating 
leads to loss of oxygen and formation of trioxide. The letroxidi* 
is a colourless solid which decomposes before it melts. It is not 
markedly soluble in water or in acids, but when fu-sed with alkalis 
it forms a series of compounds, with formulae such as or 

KgSbiO*, called the kypoaniimonaUs. Some of these are soluble 
in water and yield solutions with oxidiring powers; they will, for 
example, liberate iodine from acid iodide solutions. This power 
of forming a series of salts distinguishes the tetroxide of antimony 
from that of arsenic. 
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Antimony pentozidfit Sb^Og, is precipitated when a solution of an 
antimonate is aciditicd, preferably with nitric add, and can also be 
prepared by boiling one of the lower oxides with concentrated nitric 
acid and evaporating once or twice to dryness with fresh acid. The 
residue must not be heated to loo high a temperature or it loses oxygen 
to form the totroxide, but it tenaciously retains water, so it must be 
dried by careful and prolonged ignition at rather less than 400". 

It is a pale yellow substance which darkens on iK'ating and 
decompostfs before it melts. It is only slightly soluble in water, 
nor does it readily dissolve in acids, but it will dissolve slowly in 
solutions of the caustic alkalis, f<»rmmg autimonates. Its small 
solubility in water distinguishes it from the pentoxide of arsenic. 

Antunonic acid and tbe antimonatefl.—'l'he formulae of these 
salts differ from those of the phosphates and arsenates, becaiise 
antimony readily becomes six-covalent (cf. stai mates and plum bates). 

Polassiim aniimonaU, KSb(0H)|.iH20, is prepared by fusing 
the pentoxide with caustic jiolash, or by fusing p<jtassium antimonyl 
tartrate with f)otassium nitrate and recrystalIi74ng the product from 
water, in winch it is not very soluble. 

Sodiiffn a>\iimo 7 iaU, NaSblOH)^, is one of the few nearlv insolublp 
salts of sodium, and is sometimes used in analy.sis. It is precipitated 
when sodium salt solutions are mix<*d with s<»lutions of potassium 
antimonate, and when dried at 100® has the composition shown by 
the formula. 

Afttifmmic acid$ of various formulae are precipitated by acidifying 
solutions of these and other antimonates; thev are weak acids only 
slightly soluble in water. The aci<K and their sails are feeble 
oxidizing agents wjiicli will lilwatc iodine from acid iodide solutions. 

Antimony H.^udes. —The melting- and Ixuling-points of tlic 
principal lialides of ant inn my are shown in the following tabic: 
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The pRJNCirAL Halides oe A^T1M0NY 


They can all be prepared by direct combination, which is always 
accompanied by the evolution of heat and light. They are very 
hygroscopic 5ul>stanccs, and with U^c exception of the tri-iodidc 
are colourless. They arc all very soluble in water, and are less 
easily hydrolysed than the halides of arsenic, for it is often possible 
to recover them by evaporation of their aqueous solutions if these 
arc sufficiently concentrated. By warming in the air they are 
readily converted to oxides or oxyhalides. 
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rjicy are more salt-like in character than the halides nf arsenic, 
but Ijave many covalent properties. Thus they are pcxjr conductors 
nf electricity and are soluble in or^^nic solvents, while they are 
much loo volatile to be true salts. 

Antimony triflooride, SbFj, is prepared by dissolving the trioxide 
111 hydrortunric acid and evaporating until crystals lx*gin U* appear. 
1.1 kc all fluorides which are easily hydrolysed, it cannot be kept in 
•da'^s vcssc‘ls: guila-piTcha or celluloid is usually prclorred tor this 
pnr[xi.se. It is a colourless solid which does not lame in the air. 
and can be recovered from its solutions (it is exceedingly soluble in 
water) by eva]H)ration, but it is slowly hydrolysed by moist air. 

It readily forms complexes with majiy classes of substances, 
including gaseous ammonia and the fliu»ri<los of the metals; thus 
with potassium fluoride it forms a compound, KSbF^, very soluble 
in water, and yielding m solution the i*>n SbF/. 

Antimony peotafluoride, Sbl^ prcparwl by union of the elements, 
IS a colourless aiul very hygroscopic liquid. It is very soluble in 
water, which does not immodialely hydrolyse it, at any rate in the 
cold, since the solulion remains clear. The boiling-point of tliis 
substance is more than 200"^ above that of the corresponding 
compound of arsenic. 

Antimony trichloride, SI)Cls. once called ' butter of antimony,' 
can be obtained bv diss<ilving antimony Irisulphide in concentrated 
hydrochloric acid: 

Sb^.d f>HCI*2Sba,+3H^S f, 

but is best prepared by the arlitm of chlorine on antimony, which 
j>n>ccec].s vigorously at ordinary temperatures. The pentachloridc' 
is usually produced at the same time; this is reduced by Ijoiiing 
the })roduct with ixiwdcrcd ;uitini<my, and the trichloride is then 
paiified by distillation, which mav be followed by recryslallization 
from carbon disulphide. 

Antimony trichloride is a colourless, very hygrosctipic solid 
which absorbs water from the air to form a turbid liquid containing 
various oxychlorides. By treating it with a suitable quantity ot 
water the cixychlorkle Sb()CI can be obtained; this is, however, 
soluble in hydrochloric acid: 

SbO +HVSb‘"+OH'. 

and antimony trichloride dissolves in the concentrated acid un- 
changed. From its concentrated aqueous solutions it can also be 
recovered by evaporation. It forms complexes with one, two, oi 
three molecules of ammonia per molecule of trichloride, and with 
numerous other substances. Tlie density of its vaj>our show's it 
to have the formula SbClj. 

Antimony pentaclUoride, SbCl^, is obtained by the action of 
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chlorine on the metal or the trichU>ride. The excess of clilorine 
is removed by a current dry air and the product purified l)y 
distil)atiori in a vacuum, ll is a colourless, very hy^^roscopic H<|uici 
which funu's in the air. With a little water it forms a cryslalline 
hydrate. SbCl5.Hj,0, from which the water can Ixj removed by 
careful licatinj; inuler reducA’d pressure, but it is irreversibly hydro* 
lysed bv excess of watei. Like phosphorus pentacWoride, it suffer- 
on heating' a reversible dissociation into the trichloride and chlorine 
This takes plac<‘ considerably Im*Iow the l>oilinf4-p<jint, but the 
jx'nlachlonde can be disUllcnl unchanged at under l<)w 

jiressure. With cliloride s4»lutions it forms stable complex ions 
SliCl,/, and th<‘ccuTcsjKuidinfi salts, siu:h as KSb(‘lg, arc called tlic 
clih^roautimunates. 

Antimony tri-iodide» Sblj,. is obtaino<l by Irealin^J a carboji 
disulphide solutirm of iodine \ritli exce>s of antimony, filtering' and 
evap<>ratins solution. It occurs jii three different cry^stalliTu 
fi'rms. of which twi> are yellow and one red. When heated in the 
air it loses iodine and forms an <ixyio<h<i<% It is discomposed hy 
water, but dissolvis without change* in solutions of hydrogen 
iodide, an<l is soluble in various organic liquids, from wliidi it can 
he rocrvstalli/.ed. In certain solvents the tri-iodide i.s asscKiated, 
but its vapour density corrcsixmds with the simple formula Sbl^. 

Oxyhalidet. —Of the numerous known mykaJidcs of antimony, 
only aniimonyl chloride, Sl)On, will be mentioned here. It is a 
white crystalline substance, insoluble in water but soluble in 
certain organic liquids, and is obtainable by treating antimony 
trichloride with a carefully regulated quantity of water: 

SbCl^d HgO?-'SI> 0 ('U +2HCI. 

The reaction is reversible, and this compound strongly resembles 
bismuth oxychloride (p. (160). 

Antimony SumnnEs.—Antimony forms a well-defined tri- 
snlphide, Sb2S3. and also a pcntasiilphide, Sb^Sg. but the existence 
of a tetrasulpliide, Sb^S^, is uncertain. 

Antimony trisulphido, Sh^S,, occurs in nature as stibnile. the 
principal ore of antimony. It can bo artificially prepared by heating 
the chOTcnts together or by the action of hydrogen sulphide on a 
hot solution of the trioxide in hydrochloric acid. If the solution 
is made very weakly acid (e.g. with acetic acid) and is dilute, a 
colloidal solution is obtained. The precipitation is reversible: 

2Sb d-3H jSr^Sb^ Id 6H . 

and antimony trisulphide, which is rather more soluble than 
arsenic Irisulphidc, has been used as a source of pure hydrogen 
sulpliidc. 

'rhe precipitated sulphide is an orange*rcd amorphous substance, 
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! i,l if heated to over 200^ in the absence of air it undergoes a change 
i;5Kl becomes black and crystalline. It melts at 520® and boils at 
but bums if strongly heated in tlie air or in oxygen. Like 
. I sonic trisulphidc, which it mucii resembles^ it is slowly decomposed 
[•\ Ixuling water and dissolves in sulphide solutions or in caustic 
ilkalis. The products are called thioantimonHcs, 

Antimony pentasulphide, is precipitated by hydrogen 

'-ulpliido from solutions of antimony ^mtoxide in hydrochloric 
:I id of carefully chosen concentration (12 per amt), cooled to —20^ 
in a freezing mixture. The prcKluct of this reaction amtains not only 
iliO pcntasulphide. hut also free sulphur, removal by carbon disid- 
jhule. It is a brilliant yellow, oninge, or brown jxm-der, which <n\ 
warming (70®) forms lower sulphides and releases sulphur, a property 
funking it a useful vulcanizing agent for rubber, which assumes the 
jauiiliar red colour, 

Antimony Saus. —The basic proiKTtics of antimony trio.xide 
iire not strong, and antimony h^rms soluble s:dts only with the 
.u I ions of the strongest acids; they arc all hydrolysed in solution. 
No qiiinquevaleid sidts are known, the pcnlahalides being iniiius- 
l.ikably covalent. 

Antimony sulphate, Sbj(S04)3, ohfauied hv dissolving the 

tnoxidc in hot cnncentratocl sulphuric acid and ecKdiug. I'he 
• olunrless crystals are washed free from and with xvl«ne. The 
iTystals are deliquescent and are hydrolysed in the cold to a basic 
''Ulphatc and by boiling water to the trioxide and sulphuric aci<L 
l)V carefuUy regulated hydrolysis in the cold, antimonyl sulphate, 
(Sb0)2S04, can be obtained {compare antimonyl chloride}. It is 
;t white piwder, insoluble in water, but soluble, as might be expected, 
in ncids. 

Antimony nitrate, Sb(N03)a. cannot l)e prepnred in aqueous 
••(flutiDn, since it is dccomijosixl by water, but can be obtained 
by mixing acetone solutions of silver nitrate and antimony tri- 
I'hloride. 

Detection and Estimation of Antimony. —Many compounds of 
antimony, though not so deadly as those of arsenic, are yet powerful 
poisons, and the detection of traces of this element is of great 
importance. If arsenic is ab.sent, Marsh's test can be used. 
Several methods are available for the separation of antimony 
from arsenic and other elements. One of tlie best is to dissolve 
the mixed sulphides; of antimony and arsenic in a solution of 
sodium sulphide, and to precipitate the antimony from this solution 
as sodium antimonatc by the addition of caustic soda and hydrogen 
peroxide: 

25bSa'"+2Na+8HA*=2NaSb(OH)«| +6Si +40HN 
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Alcohol is added to the li<|uid to reduce the solubility of the pre^ 
cipHatc. If other metals are absent, antimony is usually 
precij>itated from slightly acid solution by hydrogen sulphide 
the tnsulphide, and this is converted to the black crystalline 
form by lieating at 300^ 111 a stream of carbon dioxide; it is then 
wcighetl. 


Bismuth 

Bi—209*00. AUmic Nttnrhrr, S3 

History*—Bismuth wxs unkm>wn h' the ancient chemists, or, il 
kn<»wii, wjis considmHi to be a kind of lead. The name ursntalh 
was given i)y Rui.andus {Lexicon Alchcmiue Kulandi, l‘'rankforl, 
I fit 2) to a certain metallic sulphuhr, but the name afterwards 
api)licd to a new element, bismuth. 'Wismath' is derived from 
U'is miU or tveUac Masae, wliile iikiss or metal; the w was changed 
inlo h for the puri'nisc of writing the name in Latin, from the 
a[p 1 ujbi*l of which languitgc the letter w is missing. Bismuth and 
its compouTuls were studied by Paracklsus and Aokicola, and 
more est>cci;dly by Basu. Vaiuntini?, but Bn now an (eighteenth 
e<*nlury) lirst carefully distiJ)giiLshc<l Ixjtwcen it and antimony, 
tin, and lead. The French chemist Lvmkry (1094) coii.sklered 
Hiat bismuth was not a distinct metal, but that it could be oblnined 
from arsenic and tin. It was Gi:oI‘KROY (1753) who first deliiiitcly 
proved that bismuth is a six^cific substance with certain similarities 
to lead. 

Occurrence and Extraction.— Bismuth is not one of the commonci 
elements, though it occurs in small quantities in many parts of the 
earth. I'hi* principal deposits of bismuth arc in Bolivia, where 
the metal is foinul native and ass<x:iated with tin. The ores are 
concciilraled b)^ washing, and ^ considerable proporlion of the 
Concentrate' so obtaii)e<l is sliippcd to European polls for e.v- 
Inictioii. Ores containing the native metal are usually treated 
bv liquation, tliat is, the ores are heated with or without the addition 
of a flux (sodium carbonate and lime), and the molten metal is run 
olf at the bottom. Its purity depends greatly on the nature of the 
ore, and it is usually necessary to refine it by one or more further 
liquations w'ith suitable fluxes. The preparation of pure bismuth 
in the laboratory is a difliciilt task, ou acaiunt of the tenacity with 
which small quantities of lead and arsenic are retained, most un¬ 
desirable impurities if the product is to be put to medicinal use. 
SeN'oral methods are available, most of them relying on the pre¬ 
cipitation of the bismuth either as the basic nitrate or the oxy- 
cliloride. Alternatively the bismuth is precipitated as hydroxide, 
and this is dissolved in excess of caustic soda solution containing 
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^h'ccrol. Easily reducible metals arc now removed and filtered 
i,ti by tlic addition of sugar (a reducing agent) in the cold; the 
In^mutli is precipitated only on boiling. The product is melted 
with potassium cyanide, to prevent oxidation, and then fonns a 
mliercnt mass of tlic pure metal. 

Elementary Bumuth. —Bismuth is the only element of the scries 
p_.As—Sb—Bi not to display allotropy. It is a lustrous soft 
wliite metal with a density of 9*8; it melts at 271** ajid boils at 
iSiKJ®. The density of the vaj)Our (whidi is green in colour) corre- 
'•|Haids with a monatomic molecule at high temperatures, but some 
.tssociation takes place near the lx)iling')xniit. 

Bismuth is stable in cold air, whether moist or dry, hut if heated 
jt forms a surface coating of oxide, and if very strongly lieab'd in 
air or oxyg(*n it can lx? made to burn. Its staiulanl elect rude 
potential is probably intermediate bt'tween those of arsenic and 
imtimony, i.c. about H-o'2 volt, and it is unaffected by acids except 
in so far as they are also oxidi/ing agents. It will dissolve in liol 
concentrated suii>huric acid, which it reduces to sulphur dioxide, 

in nitric acid, but in the concentrated acid is assumes the passive 
•^tatc (p. 423). Bisinutli combines with the lialogons, but a good 
(leal less vigorously than d<»es arsenic or antimony. 

The metal is used in fusible alloys, in which it is often associated 
with tin, U'ad, and antimony: these alloys are used in eltxtric fuse- 
wire and in aulotnatic sprinklers designed to extinguish fires. As 
bismuth expand> on solidification, its alhiys are much used tor 
(•listing type-rnclal. Bismuth is one of the elements of highest 
iiiomic number whose compounds arc non-poisonous: an in soluble 
I ns Ill util salt is therefore given to patients before examination Ijy 
X-rays of the digestive tr.ict. 

Bismuth hydride, formula unknown, probably IhH,, is the most 
(hlhcuJt of all the hydrides of the nitrogen-bismuth grou]) of 
elements to prepare. AUct many unsuccc.ssful attempts had been 
repf^rted, PAOT.TH, by the radioactive indicator method, s)lowed 
that such a compound did exist, and was able to work out a method 
lor preparing identifiable quantities of it. An alloy of bismuth and 
magnesium, obtained by healing these elements together in a 
current of hydrogen (compare antimony hydride), is treated with a 
not too dilute acid hi Marsh's ap])aratus, containing zinc and 
hydrocliloric acid, and a stain resembling that pniduced by antimony 
is found in the heated tube. Alternatively the gaseous hydride 
may be collected in a condenser cooled with liquid air. The yield 
obtained is, however, too small for a thorough examination of the 
properties of this substance to be made. 

Oxides and Hydroxides. —Bismuth forms a well-defined oxide, 
BijOs, but the existence of hq’her oxides is still uncertain. Unlike 
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tlie corresponding oxy-compounds of other membcTS of the group, 
bismuth hydroxide is dev<»id of acidic pro]>erties. 

Bismuth triozide, BiaO^, is the product of the combust ion oi 
bismuth in air. but is more cfmveniently obtained by strongly 
1 km ting the basic nitrate or carbonate. If, however, the tcmjHTa- 
ture rises too high—e.g. atxwe 700 "—the oxide melts ;uid then 
attacks porcelain. It can also 1 h‘ obtained by heating the in- 
hydroxide, Bi{OH)3, precipitated from bismuth solutions by caustic 
alkali'^. As, however, this pnx'css usually leads to the inclusicn 
ut a little basic salt in the pa’cipitate, it is best to use n solution oi 
the basic nitrate to which glycerol f>r mannitol lias been iKldetl. 
I'rom such a solution caustic alkalis precipitate the pure base. 

Bismuth trioxklc is a yellow solid whidi darkens on heating. It 
can without di Hie ally be reduced to the metal by heating in 
liydrogem. It is insoluble in water, but it dissolves in acids to ff*rm 
bismutli t>r bismuthyl salts. U remains comj)lelcly unaffected by 
vwn concentrated solutions of the caustic alkalis, and no truce of 
and function can Ik* <let(*ctcd. The trihydroxidc is a colourless .sub¬ 
stance which is con vert e<.l to the oxide not mucli b<‘1ow 

Bismuth tetroxide, is ol>1aine<l by oxidi/.tag the trIoxide, 

susjjemled in Ixiiling nvncenlrated Ciiiistic potash, w'ifh potassjuni 
f<Tricyaiiide. The product is w*u*)lied with Ixiiling dilute nitric 
acid, and dried by healing. It is a dark-coloured substance atirl 
has <)xidi^ing pr<)|K‘rties: it will UU‘rale chlorine from hydrochloric 
acid. 

Bismuth pentoxide, When in place of ]>«»lassiimi ferri- 

cyauide chh>rine is used as oxidant acting upon bismuth trinxide 
suspended in concent cited alkali solution, the product is an orange- 
coloured insoluble powder, commonly called a * bismuth ate,' but little 
is know'n with certainty about itscomiX)sition. It has been asserted, 
but not confirmed, that a pentoxide Bi^Og can be obtained from it 
by treatment with acid. * Bismutliates/ however, certainly contain 
some powerful oxidant, converting, for example, manganous salts in 
nitric acid solution to permanganic acid at onlinary temperature, and 
they are used for this purpose in the determination of manganese in 
steel. 

Haijdes.—B ismuth reaches the quuiquevalent state less readily 
than either arsenic or antimony, and the pentafluoride is the only 
known pentahalide. Bismuth forms, however, a number of organo- 
compounds of the general ty|)e where X represents 

various anions. All the bismuth trihalides are known and stable, 
(daims to have prepared an oxide and lialid<‘S of bivalent bismuth 
seem not to be well founded. The trilialides are solids, and are 
much less volatile and more salt-like than their arsenic and antimony 
analogues; excepting tlie trifiuoride they are hydrolysed by much 
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water—but can form stable sobitinns in acids. Itismulh, unlike the 
lather mcjnU^rs of the subgroup, fails to yield halogeno-complexes 
nf the type (MXg)-; all attempts to prepare have been 

unsuccessful. 

Bismuth pentafluoride« IhF^. Bistnut h 1 rifluorido absorbs fluorine 
rapidly at 500'', and the pentofluoridr sublimes as colourless noodles, 
uoing more volatile than the lower fluoride (m-ing to its covalent 

• unstitution. It reacts with water \uo!entlv. yield ini’ the Iriflxioride 
.uul some ozone. The conijM^sition was confirmed by reduction to 
hisiniith in hydrogen, which is ra))id at J50^ Tl)c vajKnir density 
lu\s not yet been observed. 

Bismuth trifluoride, BilV is obtmiied by diss<»lving the trioxidc 
in hydro fluoric acid, or can l>c pn^cipitated by soluble fluorides 
tiom solutions of bismuth nitrate hi dilute nitric acid (the acid is 
necessary to prevent liydrolysis of the nitiatc). It is a colourless 
sfilid which can lx* fused without dccomjxxition, and is the only 
halide of the subgroup to b<> insoluble in water, by which it is 
unaffected even on Ixhhng. 

Bismuth trichloride, is obtained by heating bismuth in n 
stream of dry clilorine, when the trichloride condenses in the cohl 
part ol the api.KiratuH. AUcnialively it may bo prepared by dis* 
solving llie trioNido in concentrated hydrochloric acid, llie s<jhili<>n 
i'' evaporated to drym^ss and the trichloride is distilled off in a 

• urrent of carbon <hoxide. It is a aJonrless crystalline substance 
whicli melts at 2 xS* and lM>ils at 447**; its vapour density shows it to 
lia%'c the tuimial molecular weight. It is V(*ry hygrosajpic, and when 
added to a large ^pianlity of water is hydrolysed with the formation 
of the oxychloride BiOCl: 

HiClj i HjO^HiCX 1 -i- 2 TICI. 

but dissoh'es unchanged in suffici<mtly concentrated hydrochloric 
acid. It is also soluble in hydrocarbons and otIuT organic liquids 
and can be re crystallized fnun them. 

Bismuth tribromide, HiBr„ is obtained by the action of excess 
n[ bromine on bismuth, and is purified by distillation. It is a 
yellow crystalline substance, melting at 220'’ and bchling at 453'’ 
without decomposition to form a deej> red vapour. Its behavi(jur 
with water is similar to that of the trichloride. 

Bismuth tri-iodide, Bil^. is obtained by heating the elements 
together. The excess of iodine is then driven off in a currtmt of 
carbon dioxide and the tri-iodide is purified by distillation. It 
forms black crystals whicli melt at 439“. It is hydrolysed by water, 
but only very slowly in the add, and it dissolves in acids to give 
a brown solution. 

OxYHALiDES.—With all the halogens bismuth fonns oxylialides 
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of a type which may be represented by the best-known member, 
biOCl. They can be prepared by the hydrolysis of the trihalidcs 
since they are all insoluble in but the stability of the trifluoricli 

towards water precludes this method of preparation, and thi 
oxyfluorirte must l)e obtained by the carefully regulated action oJ 
hydn)niioric acid on the trioxide. 

Bismatb oxychloride, bismatbyl chloride, BiOCI, is precipitated 
wlien bismuth trichloride, or a solution of the trioxide in concen¬ 
trated hydrochloric acid, is lar^jely diluted with water. This 
reaction is often used for the <U’lecliou of antimony and bismuth. 
Tlie reaction is usual!s' piven as: 

lir-l H^O^'BiO’ hsH*, 


and is pcrfoclly reversible, as the oxychloride is soluble in hydnv- 
cliloric acid of sunicicnt omcentration. A dear solution can hv 
precipitated by dilution because three ions appear on the rinht-hand 
side of the equation but imly one on the loft; an 0(|ual tractional 
reduction ol the concentration of all tiinn* therefore affects flic valu(‘ 

of the expression hence disturbs the equilibrium. 

Tl^e oxyehloridfi is a white jxiwdcr only slightly soluble in water 
and chemically unaffected by it even on boiling: it can Ik* melted 
without decomposition. 

Bismuth tri^phide, known pound of 

thcs<' two elements, the Tcixjrtwl existence of sulp>hidi‘S of other 
compositions having proved illusory. It can l>c prepared either by 
healing the elements together or by predpitating a slightly acid 
solution of a bismuth salt with hydrogen sulphide; and in an 
impure form it occurs free in nature as Insmulhinik, It is tujt among 
the most insoluble of the sulphide's, and in very concentrated acid 
solution hydrogen sulphide at atmosphenc pressure will not 


precipitate it. 

It is a dark brow'ii substance scarcely affected by heating in air, 
nor is it decomposed by boiling water. TTiese properties distin¬ 
guish it from the trisulphidcs of arsenic and antimony, and in 
analysis it is easily separated fn>m tliem by its insolubility in dilute 
svilphidc solutions, though if the solutions are concentrated some 
bismuth trisulphide dissolves tf> form a thioljismuthite. These 
compounds arc much less stable than the corresponding thioanti- 
monites or tliioarsenites, and the soluble members are decomposed 
by water, so they are usually made cither from vcr>' concentrated 
sulphide solutions or by fusing bismuth trisulphide with other 
sulphides. 

The Bismuth Ion.—T he ion Bi*’* so readily undergoes hydrolysis. 


with the formation of bismuthyl compounds, that it can exist only 
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iu acid solutions; but a number of bismuth salts have been prepared 
ii\ the <Iry state, as well as a series of bismuthyl salts. I'he latter 
tie insoluble in water but soluble in acids. 

Bismuth sulphate, Bi2(S04);i, is prepared by evaporation of a 
solution of the Irioxide in concentrated sulphuric acid. It consists 
'A colourless crystals which can l>e hcaterl to 400® without decom- 
{K^Mtion. The salt is very hygroscopic, and with water forms 
Nsmuthyl suiphaUy (HiO)2S04, a compound which can also l>e pre- 
;iare<l by heating it strongly: 

Bi,(S 04 ) 3 -(BiO)^ 04 + 2 SO, t. 

It is a colourless jK)wder insoluble in water but soluble in acids, 

Bismuth nitrate, Bi(N03)3.sHjO, is obtained by dissolving the 
inoxidc in hot nitric acid and cooling the sfdution. but it is impos* 
jublo to remove all the water from this salt, cither by heating or 
m a vacuum desiccator, without decomposing it. It is freely 
suluble in nitric acid, but if the solution is diluted a basic nitrate of 
variable eompf»sition is thrown down. The name hismulkyl mtraU 

given to the compound Bi0N03.2H^0 obtained by gently heating 
the normal hydrated nitmte. 

Bismuthyl carbonate, (Hi0)3C03, can \x) precipitated by carlK»naic 
solutions from solutions (»l bismuth nitrate in which hydrolysis 
has been prevented or reiluccd by tlie addition of mannitol, with 
which bismuth probably forms a compl<*x. Bismuthyl carbonate 
decomposes on heating: 

(Bi 0)3(:03 -HiAfCOjf. 

Bismuth phosphate, BiP04, can be precipitated by adding a 
soluble phosphate to a solution of bismuth nitrate in dilute nitric 
acid. This is one of the least soluble salts of bismuth and is ctm- 
seqiicntly scarcely affected even by boiling water, nor will it dissolve 
in acids. 


SuBGKour A 

Vanadium, Niobium, and Tantalum 

Vanadium 

V=50*95. Atomic Nutnher, 23 

History.—Vanadium was discoverer! in 1830 by Sekstrom in a 
Swedish iron ore, and was given the name which it now bears after 
Vanadis, a goddess of Scandinavian mytholc^y. It was subse¬ 
quently shown that the same element liad l>een discovered some 
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thirty years before by DEL Rlo, who, however, on further uivesliga 
tion had come to the conclusion that no new element was present 
in the Mexican mineral on which he had based his claim. 

Occurfence and ExtractioiL—The quantities of vanadium ex¬ 
tracted from its ores are still comparatively small, though the 
element is now known to be comparatively abundant: mon* 
abundant, for example, than copper. 

The principal source of vanadium is patroniU, a mixture oi 
vanadium sulphides found in Peru. This is mixed with a flux 
and roasted in a reverberatory furnace, when the vanadium passe.^ 
into the slag, which is then reduced to ferro-vanadium in a blast 
furnace, The ' acid extraction ' process has also been wideK 
used, particularly for the pt>orer de|K«its. In this process the ovv 
js crushed and healed with fairly dilute sulphuric acid at 200® undei 
a pressure of fifteen atmospheres. The solution is then tiltercd 
and evaporated to dryness, the product contains the vanadium and 
is healed strongly to convert it to the oxide. It is mixed with 
sodium catbonale, roasted in the air, and dissolved in hot water, 
from which carbon dioxide will precipitate any aluminium as 
oxide. Sodium vanadate can be obtained from tlie solution by 
concentration. 

Elementaiy yanadiam.--ln the early researches of Brkzej.ius, 
the oxychloride VOCI, was mistaken for the chloride, and the oxide 
VO for the element. The preparation of vanadium presented 
unusual diffrculties that have not yet been completely overcome; 
(he metal forms oxides and nitrides of great stability from 
which it cannot easily l)e extracted. A Q3-p>cr*cent produid can be 
obtained from the pentoxide and aluminium powder by the Gold¬ 
schmidt process, and a somewhat purer substance by reducing the 
chlorides with hydrogen, sodium, or sodium hydride. Attempts 
to pre[>are the metal by electrolysis of aqueous solutions of its 
compounds have been unsuccessful. 

Vanadium is a grey lustrous metal with a density of about 6; 
it is the hardest of all metals. It melts at 1720®. It is oxidized by 
heating in the air, and bums if heated in oxygen, but it is quite 
unaffected by water. Among the acids, only hydrofluoric acid 
and the oxidizing acids will dissolve it. It will combine directly 
with chlorine, nitrogen, silicon, and other elements. 

Some nine-tenths of the world's output of vanadium come into 
commerce in the form of leiro-vanadium. The addition of vana¬ 
dium to steel increases the toughness and the tensile strength, 
and such steel is used in high-speed tools and the parts of 
machinery—e.g. of motor cars—which have to withstand frequent 
shock. The vanadium is added, in a proportion of less than 
2 per cent, as a ferro-vanadium containing between 25 per cent 
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iik 1 50 i>er cent nf tlie dement, usually prepared by the thermit 
process. 

Vanadmim Compounds. —Vanadium has well-marked valencies 
i,( two, three, four, and five, and all the corresponding oxides 
are known. 

Vanadium dioxide, VO, is prepared by heating an ultimate mixture 
of the trioxide with vanadium to a high tcmpciuture, and is insoluble 
1)1 water but soiublc in acids, with which it yields vh>let solutions of 
livpovaiiadoussalts, contaiuing Hie bivalent cation V*'. Tliesc solu- 
lions can also \x: prepared from solutions of other vanadium com- 
puiuuls by n'duction with sodium amalgam or at a cathode, and the 
iiyili oxide V(OH)j can be |>rccipilatcxl from tlu^m by llie atldition 
tif caustic alkalis. The oxidation p*>tential of the eJiange 
IS -0*2 volt, and the hypovanadous com^jounds, in which tlie 
clement is bivalent, are among the strongest of reducing agents— 
compare the bivalent compounds of the adjacent element chromium, 
Jn acid solution they fairly rapidly evolve hydrogen, and even 
the insoluble hydroxulo slowly decomjxises water. They liave 
been used in the dearscriification of commercial hydrochloric 
acid, as they will reduce arsenic chloride to arsuiic, which can be 
liltcred off. 

Vanadium trioxide, is obtiiined by reducing the peutoxidc 
with hydrogen at a moderate temperature. It is u black substance 
with a very high mclting-jxiint, and burns when heated in tlie nir: 
it will dissolve only in the oxidizing acids. Solutions of vanadous 
salts, in which vanadium is tervalent, must therefore be obtained 
by reduction of solutions of other vanadium compounds, and this 
can be carried out either electrolytically or with magnesium or 
zinc. I'hc resulting solutions, winch are green in colour, are 
powerful reducing agents which slowly decompose with the evolution 
of hydrogen, and are rapidly oxidized on €x{x«ure to the air. The 
insoluble hydroxide V(OH)a is precipitated from them by caustic 
alkalis. 

Vanadium tetrozide, vanadyl oxide, V,04. VO,, (V 0 } 0 , is obtained 
by gentle reduction of the pentoxide; fu^on with oxalic acid has 
been recommended. It is a dark blue solid of very high melting- 
point which absorbs oxygen from the air. It dissolves readily in 
acids to form solutions of vanadj’l salts, containing the cation 
VO*’, and from these reactions derives its alternative name and 
formula, vanadyl oxide, (V 0 ) 0 . Salts of quadrivalent vanadium 
usually decompose on heating into salts in which the metal is 
tervalent. Vanadyl solutions are blue, and can be prepared by 
gentle reduction of solutions of quinquevalent vanadium compounds, 
e.g. with hydrogen sulphide, sulphur dioxide, or even hydrogen. 
They are weak reducing agents. Vanadium tetroxide is amphoteric 

Y 
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and has weak acidic properties; tlius it will dissolve in caustic 
alkalis to fonn yellow solutions of hypovanadates, whose anion 
appears to be ViOg': 

2 V, 04 + 20 H' « VA'+HA 

These yellow solutions are easily oxidised, even by the air, to 
colourless solutions of vanadates. 

Vanadium pentoiide, V^O^. is the principal oxide of vanadium. 
It can be prepared by the i^ition of ammonium metavanadate. 
NH^VOj, in an oxidizing atmosphere: a platinum crucible must 
be used. 

zNH^VOj^V^O^+zNHa t +HaO f - 

H it is required perfectly pure it is best to hydrolyse the oxychloride 
VOiMj, finally heating the product with a little concentrated nitric 
acid. The pentoxidc is a red or yellow substance which can exist 
in various forms. It melts at 690"^ and is stable towards heat, biit 
at very high temperatures gives the trioxidc and oxygen, and in 
the electric furnace can be reduced by hydrogen to the dioxide 
V^Og. It is insoluble in water, but a num^r of vanadic acids can 
be precipitated by acidifying vanadate solutions. The oxide 
amphoteric, and will dissolve cither in acuN or in alkalis. Vunadic 
salts are oxidizing agents, and when the jientoxide dissolves in acids 
it often oxidizes them and dissolves as a vanadyl salt, o.g. with 
hydrochloric acid, chlorine and vanadyl chloride are obtained: 

VA-ft>H*+2(:r^^cigt i-avo'+^iHgO. 

Vanadium j?entoxide is used as a catalyst in the oxidation of sulphur 
dioxide (p. 683). 

Van ABATES. —These compounds arc obtained by dissolving the 
pentcixide in alkaline solutions or heating it with bases. Tht^ 
vaiuidate ions bear some analogy of formula with the phosphate 
ions, but appear to differ from tliem by being mutually convertible 
in solution. Soluble ortho vanadates, such as Na3V04, can only 
('xist m strongly alkaline solution: * metavanadates ’ contain the 
condensed anion V4O1JThe vanadate ions are colourless. 

Ammonium metavanadate, NH4VOy. one ol the best-known 
compounds of vanadium, can be prepared by the addition of excess 
(A ammonium chloride to vanadate solutions, and is purified by a 
succession of similar precipitations. It is a colourless substance 
only moderately soluble in water, and wlien strongly heated yields 
the pentoxide. 

Sodium orlhovanadaic, Na^VOi, is obtained by fusion of the 
pentoxide with sodium carbonate, followed by recrystaUization. 
Numerous cohnirless hydrates can lie prepared from its solutions. 

Pcrvuvadiites. —Vanadium resembles its neighbours titanium and 
chromium in forming coloured solutions when the vanadates are 
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nci(lifted and treated with hydrogen peroxide. Solutions of the 
|K.Tvanadates are red and are fairly stable: they constitute a 
jsensiLive test for tlie presence of vanadium. Salts such as potassium 
jh'rvanadatc, KVO4, can be prepared from solutions of the aikali-mctal 
nit*tavanadatrs and hydrogen peroxide. 

Ualidks. —The kno^\7l halides of vanadiuin arc shown in the 
table: 


Flucjndcs 


VF, 

VP, 

VF. 

Clilorules 

\X\ 

VCI, 

V(‘h 

«« 

TlrfimicUs 

VJJr. 

• 

vrir. 




VI. 

VI, 

* 



Tin^ KNOWN IIaliprs of VANAixru 


In ncklition to those many oxyhalides ar«‘ known, f»f which several 
jirr st>lub!(* in water. The fluorides ajid chlorides may bo briefly 
descrilx'd. 

Fluorides.—Tiie action of fluorine on vanadium produces a 
hiLxturc of substances^ and llic fluorides are more cosily obtained 
j)V the action of anhydrous hydrogen fluoride on the cliloridos 
or bromides. 

Vunadwim irijluoridc, W^, is obtained by heating the trichlorido 
in hydrogen fluoride. It is .i grecnish-ycllow' refractory substance 
ins<jlublc in water. 

]'anadiuin tetrajluofide, is obtained in a similar way by the 
action of hydrogen fluoride on the C(jld tetrachloride. It is a 
hnuvnish-yellow deliquescent solid which dissolves in water, and 
yields the tri- and |>eDtafl nor ides on heating: 

2VhVVr,+VTV 

Vanadium peniafiuoridc, VF^, is obtained, together with the 
trifluonde, by heating the tetra fluoride in nitrogen at 050’and 
collects as a white solid in the cooler parts of the apparatus. It 
sublimes at 11and is scJublc in w.itcT, but the solution suffers 
some hydrolysis with the formation of oxyfluoride. It is the only 
pentahalidc of vanadium. 

Chlorides. — Vanadium dichloride, hypovatiadous chloride, VClj, 
the besf known dihalide of vanadium, is obtained by heating the 
trichloride to a high temperature in a stream of nitrogen: 

2VC!s=2va2 fa* t. 

or by passing a mixture of the tetrachloride and hydrogen through 
a red-hot tube. It forms pale green crystals which volatilize 
unchanged at a high tcini>erature (above 1000^), and readily 
absorb water or oxygen. The violet solutions have the properties 
already described. 
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Vanadium trichloride, vanadous chtoride, VCI3, is obtained by the 
decomposition of the tetrachloride at a moderate temperature: 

2VCl|=2VCl3+aj t • 

The tetrachloride may be licaicd nearly to boiling while a current 
of dry carbon dioxide is blown through it to remove the chloniie. 
The trichloride remains as violet, very hygroscopic crystals, very 
soluble in water or alcohol. The aqueous solutions can equally 
well be prepared by dissolving the trihydroxide in hydrochloric 
acid. When strc^ngly heated in an inert gas the anhydrous substance 
yields the dichloricle and the tetrachloride, and at a high terujicrature 
it can be reduce<l to the metal in a current of hydrogen. 

Vanadium tetrachloride, VCI|, is obtained by the action of rhlorine 
on vanadium or krro-vanadium, or by the acta in a misture of 
chlorine and sulphur monochloride on the hot pc'ntoxhle. The 
product ol these re;ictions can be purjlied by distillation, and Is a 
dark brown viscid liquid fnjc/ing at - and boiling at 154®; it has 
a normal vapour density. It diss<>lve.s in water to form a blue 
solution of the oxyhalide, VOC4, aiul decomposes into the tri¬ 
chloride and chlorine, slowly at ordinary temjx*raturcs but more 
rapidly on heating. 

Sulphides. —A irisulphdc, VjS,, and a idrasulphidc, VS4, an* 
known. Neither of them is very soluble in acids, as such, but they 
cun be brought into solution by strong oxidising agents such a nitric 
acid or hot conceiitratctl sulphuric ucid, and they fomi oxides when 
heated in the air. 

Vanadium irisulphiJe, V5S3, is a grey solid obtained by heating 
any oxide of vanadium to redness in a current of hydrogen 
s 111 ph isle. 

Vanadium (draaulphidv, VS4, is pre|>ared by heating the tri- 
suljiliide with sulphur. If more stnmgly heated in a vacuum or 
an inert gas, tlie tetrasulphide dissoaates into the trisulphide 
and sulphur. Like pyrites, I’cS^, the tetra.su!phi(le probably con¬ 
tains So groups, it is the chief constituent ol tlie ore patronitc. 

Solp^tes. —IJypovanadous i^ttlphafc, \'S04.7Ho(-), is obtained by 
the electrolytic reduction of a solutiou ol vanadyl sulphate in the 
absence ol air, followed bv concciitrathm in a vacuum. It is 
iMmorj^hous with ferroits sulphate, FeSC)j.7H30. 

\'a}iadO'ifs Itydrof^cn sulphate, VM{SO 1)2.41120, is prepared by the 
elcctrulvtic n'ductioii of a solution of vanadium pentoxule in dilute 
sulphuric acid, followed by pr<.*cipkatioH with the concentrated 
and. Its solutions are reducing agents whost^ use lias been recom¬ 
mended in place of tiianuiis solutions in volumetric analysis. 
Tlicy apj>car to be rather less sensitive to atmospheric oxidation. 

Vanadyl sulphate, VOSO4.2H2O, is jircjxircd by reduction with 



GROUP V 


667 

^nljilmr dioxide of a 5 v)lntion of pcntoxidc in dilute 

^nlj'hiiric acid, followed by evaporation. It a hygroscopic 
;kv-bliic substance. 

Nitrates.—Nitric acid oxidiza? vanndiiim roinpcmnds to tlie 
^jiiinquevalerit condition, and produces pale yellow solutions con¬ 
taining vanadoxyl nitrate, VO^fNOj). 


NiniuuM ANl> TANTAI.t:M 

N'h5^02*0; ol<ffnic iitimhcr, 41. 1*a —iSou); iif<>niir vumht’r, 7 ; 

History.—The history of niohtum is peculiar. Ii was <liscovcred 
111 :SoT l)y IIatchIitt in a sample of iron-ore troni Massachusetts, 
and was givt^n the name tolumNton. In 1844 llie Geiioan rliemist 
Rose aiuumnml the discoverv of a now element in a liavarian 
inincrah ^itid named it niobium, hut it was not till 183^ that niobium 
was proved to Iw identical with coliinibiiim. 1 he two names are 
sUlI used by cheinisls for the same element : columbium (symbol Cb) 
should have right of priority, hut in this country at least niobinin 
IS more generally used. Taniahm w:is discovered in 1802 by 
Kkmbekc in Scandinavia: the name has b<*cn said t<^ reler to the 
lanlalizing < haraci<»r of his rcbc*urches. 

Occurrence and Extraction.—Hotli niobium and tantalum are 
rare elements. Fur maiiv years of no commercial importance, 
tant«aluin was one of the first metals to be listed in the filaments of 
clcctncdighi bulbs, though it has now lieeii replaced by tungsten. 
Niobium has not yei been put to practical use. 

The tw<j elements almost always occur tc^cther, and invariably 
as niobates ami tantalates: the princi|>al deposits are in Australia, 
where the metals occur as tantahu, a mixed nitibate and tautalate 
of ferrous iron, with some manganese. The treatment of this 
substance is difficult, as it is unaffected by the common acids, 
excepting hydrofluoric ocid. It is mixed with excess of potassium 
hydrogen sulphate and fused in an iron vessel, cooled, and extracted 
with water. The residue is then treated successively with ammo¬ 
nium sulphide and bydrocliloric acid. The solid is dissolved in 
hydrofluoric acid and boiled to remove silica as the tetrafluoride. 
.\ftcr concentration the solution is treated with potassium hydrogen 
fluoride, which deposits potassium fluotantaiate. K2TaF7, but 
leaves the niobium in solution, from which it can be recovered, by 
further evaporation, as potassium oxyfluoniobate, K2{Nb0)Fj.H30. 

Metallic tantalum can be prepared by electrolysis of potassium 
fluotantaiate in a magnesia crucible with tantalum electrodes. It 
has also been prepared by a modification of the thermit process, 
using the pentoxidc and a more energetic reducing agent than 
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aluminium, namely ‘ Mischmetal * (p. 597). Niobium can be 
prepared in a similar way. 'i'hc separaiiun of the compounds of 
the two elements beyond tlic point already described always offers 
great difficulties on account of their close resemblance, and is not 
attempted an llie commercial scale. One successful laboratorv' 
process depends on tl»e fact that lantalic acid is weaker than 
niobic acid, and can l>e precipitated from taolalatc solutions by 
carbon dioxide in the cold» whereas niubates are unaffected by 
this treatment. 

The resemblance of niobium and tantalum exceeds that of the 
neighbouring Croup VI elements inolylxlenum and tungsten, but 
not that of the Group IV elements aircomum and hafnium. 

Uetallic Niobium and Tantalum.—'lliese arc both })ard grey metals. 
Tlicir densities are respectively 7*3 and ib*6, and their melting- 
points 1950® and 3027®. They are oxidized when strongly heated 
in the air, and some nitride may also be formed, but at ordinary 
temperatures they arc unaffected by moisture. They combine 
with fluorine in the cold, and with the otlier halogens on healing. 
Among the acids, hydiolhioric acid is the only efficient solvent for 
these metals, and unless it is heated even this substance acts only 
slowly: they are also slightly atfccted by boiling concentrated 
sulphuric acid. 

The use ot tantalum in the filaments of incandescent lamps was 
due to its very high niclling«point. in which, however, it is surj>a.ssed 
by tungsten. Its hardness makes it useful for certain cutting 
tools, and on account of its resistance In chemical attack it has 
been used as a substitute for (bo more expensive platinum in the 
manufacture of chemical appamtus. Its hardness and resistance 
to corrosum have also led to its use for the maiiufactuie of surgical 
instruments. 

COMVOVNDS OF NiouiUM AND Tantalum. —In these elements 
the valency of live preilominates. ITiey Ixfth fonn stable acidic 
pent ox ides, and a numl>er of lower oxides which have not been 
thoroughly investigated. The only known fluorides are the pen ta¬ 
il no rides, and pent a- and (ri-chlorides ol both elements are well 
characterized. In their higlic'^t valendes Ixdli elements yield oxy- 
halides of the tyjie MOX5. 

Pentoxides.—^Thes*^ compounds are prepared from the fiuo- 
tantalates and oxyfluomobatcs as follows. After healing with 
concentrated sulphuric acid has volatilized all the hydrogen fluoride, 
the residue is treated with boiling wnter, which preeijntates niobie 
or tantalic acid. Traces of snlpliuric acid can then be removed 
by rejx^ated washing, followed by ignition W’ith ammonium car* 
bon ate; this leaves the pure pcntoxidc. The pentoxides are also 
produced when the metals are burned in oxygen. They arc 
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cnlotirless, very stable solids which can be reduced to lower oxides 
by hydrogen only at very high temperatures and pressures, or not 
at all. They will not dissolve in any acid except hydrofluoric 
acid, but they can be brought into solution by fusion with the 
caustic alkalis, with the production of niobatfs or tantalatcs. The 
liydratcd pent ox ides, which may be called niobic and tantalic acids, 
can lie prepared by precipitating .solutions of these siibslances 
uitli acid.s, or by other methods—often by the hydrolysis of the 
halides or oxyliatidcs. They are insoluble in water but will dissolve 
in aqueous solutions of the caustic alkalis. 

Femiobates and Pertantalates can be obtained in solution by 
iho action of hydrogen peroxide and acids on solnti(jns of the 
niobates and tanlalates: the former arc yellow, the latter colourless. 
These solutions are l>eHeved to contain the anions NbO/ an<l TaO/, 

Halides. — Pe^UaJluorides, NbF^ and TaF^. arc prepared by the 
action of fluorine on the dements. They arc colourless solids, tlie 
moUing-poinfs being 73® and 07® raspcctivcly. and the boilingqxiints 
21^^ and 220®. They arc hygroscopic sul)staiiccs which are hydro¬ 
lysed by water, but if s<ilul)!c fluorides arc adde<i to solutions of 
the |)cntoxides in hydrofluoric acid, fluonhabates and fluotaiUalates 
auch as KjNbF7 or Na^Tal'j can Ixj prepared. 

Penlachloridcs, NbCh. and TaCl^, are produced by direct combina¬ 
tion of the elements, but are more easily prepared by heating a 
mixture of the pciUoxidc and carlxm in chlorine. Tlioy arc both 
pale yellow .‘^oUds, the inclting-pcnnls being 194® and 211®, and the 
boiling-points 241® and 242*'. Th<?y' fume In moist air from the 
production of hydrogen chloride, and are hydrolystxl by watiT. 

The lower chlorides are obtained by reduction of the pcnla- 
chloridcs or oxychlorides. 

Tantalum dichloride, TaCU. can be prepared by heating tantalum 
pcntachloride with lead, or sodium amalgam. It will liberate 
hydrogen from water. 

Tantalum trichloride, TaClg, has been prepared by the reduction 
of the pentachloridc with aluminium at a lower temperature than 
is required for tlie production of the dichloridc. It is partially 
hydrolysed by water, but dissolves in the presence of acids to form 
a green solution stable in the absence of air, which oxicUtes it. 

Tetrachlorides of both niobium and tantalum have been reported 
but not thoroughly examined. 
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(oxycicn], sulphur, selenium, tellurium, chromium, 

MOLYBDENUM. TUNGSTEN. URANIUM 

O - 16 00; atomic number, 8 Cr — 52*01; atomic number, 24 

S 32 •()(>; aUnnic number, ib Mo *-5 95*95; atomic number^ 42 

Sc.-^s 78*90; atomic number, 34 W atomic number, 74 

Te^ • 127*61; atomic number, 52 U —238*07; atomic number, 92 

W—U 

lO]^S( 

^Sc—Tc 

As in other proups near the ends of the table, the resemblance'; 
between the subgroups are confined to crunpounds in which the 
element has the proup valency, in this case six, and the typical 
elements form a natural scries with the outer subproup. in this 
case Subgroup H. As the properties of oxygen and its compounds 
have already been discussed (pp. 371-82), we shall first deal with 
the series of elements sulphur, selenium, tellurium, and then with 
Sui>proup A. 

Oxygen is an element whose properties are so important in our 
system of chemistry that it is easy to lose sight of its jicriodic 
relationships. In its invariable vairncy ol two it resembles sulphur 
m(^re than any other clement, liul it is remarkable that in spite of 
tiieir higher molecular weight the compounds of sulphur in which 
sulphur is linked to hydrogen are usually more volatile than the 
corresponding compounds of oxygen. 

Sulphur, Selenium. Tellurium 


This series of elements shows a well-marked gradation of pro¬ 
perties, as is obvious from the following table, in whicli oxygen 
has been included: 



Oxygen 

Snfphttt 

Selcfifitm ' 

Telfuruiyn ] 

Atomic Number 

8 

it> 

34 

5 ^ 

Atomic Weight 

16*00 

3-*ot> 

7 S*<)0 

I'lj'b 

Density (of solid) 

' J* 4 I 


i 4'i8>'4*8o 

5 g.V 0‘4 

Atomic Volume laj»j>r-) 

11 

it> 

1 

21 

Mcltmg-pcnnt 

-.,9* 

115*^ 

^ 17 ' 


Boilmg-poMU 

- 1 S 3 ' 


088 ** 

13 ^^' 


670 
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The elements are all non-metals which display allotropy. Since 
!Urv Jiavc six electrons in the valency group tliey enn complete 
ilK'ir octets by forming bivalent anions. S'. Se'/Te'. * The salts 
wiih the alkali-metals arc ail soluble, the others mostly insoluble. 
\> with the halogens, the potential necessary to discharge the 
* uincnt from these anions decreases markedly as the atomic 
number increases. This operation is never difficult, and selcnkk* 
r telluride solutions readily dejKjsit the element when exposed 
till* air. Tellurium, the heaviest member, is the most inelallic. 

tins characteristic is only very slightly develoj^. 
riie hydrides form a well-marked series. As the atomic number 
nf the clement increa.ses they become less vokitile and conspicuously 
icss Stable. They all have nauseous and rather similar odours. 
The heals of formation are {in calorics): 

HgS, +5.2S0. HjSc. —18,500. H -34,100. 

All the elements form oxyacids similar to sulphurous and sulphuric 
acids, but the relations between them arc rather difTercnt. for while 
iiilphurous acid is easily oxidized to sulphuric acid, selenic and 
li'lluric acids are fairly powerful oxidizing agents, which will, lor 
e xample, liberate chlorine from hydrogen chloride. Telluric acid is 
iink|ue in having a structure Te(OH)(|. 

The variation in valency is most readily studied in the halides. In 
tho hexafluorides of sulphur and selenium the covalency maximum 
of the element (p. 34O) is displayed, and these halides arc accord¬ 
ingly unaffected by water, which hydrolyses tellurium hexafluoride. 
In addition to hexafluorides the elements all form tetrahalides 
whose stability increases from sulphur to tellurium, and in these 
two electrons mu.st be inert. Indeed all three elements show in 
some at least of their compounds a stable valency of four. The 
tetrahalides of tellurium show a slightly salt-like character, and in 
favourable conditions can exist in solution. As might be expected, 
selenium resembles tellurium, the remaining element of the sub¬ 
group. rather more closely than it resembles the typical element 
sulphur. 


SUL?HUR 

5*32*06. A tonne Number, 16 

History. —Since it occurs in the elementary state, sulphur has 
been known from prehistoric times. Its importance in the 
development of chemistry has been described in the Historical 
Introduction. 

OccoireDce and Extraction. —Sulphur is an abundant element, 
though far less abundant than oxygen. It occurs iu large quantities 
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in many parts of the world as sulphides or sulphates and as ihr 
native element. Sulphur deposits are usually found in regions m 
volcanic activity, and the most impcirtant sources of sulphur are ihr 
deposits of Louisiana and Texas, in the United States, and of Sicily 

The Louisiana deposits have been worked by an improved methuj 
since about i<jo3. The problem of the extraction of these deposit^ 

was a difficult one. as they were covered b\ 
some five hundred feet of soft sand amt 
water. It was brilliantly solved by Hrasch, 
who devised the process now worked. A 
triple tube a foot in diameter is sunk to 
the bottom of the <loposit. Down the inri-'T 
tul)e is forced hot compressed air, and down 
the outer annular space water superheat eel 
to i8o® under a pressure of ten atmosphenfjj, 
The hot water melts the sulphur, which 
coHet:ts in a pool at the bottom of the well, 
and IS blown up the middle annular space 
mixed with air, as a froth. The hot air on 
the inside of this tube and I lie hot water on 
the outside prevent its solidification on the 
way up. At the top the liquid sulphur is 
run into cooling trays, where it solidifies 
and is broken into lumps. It is very pure 
(about () 0'9 p^r cent). 

In the Siciluui dc|X)sits the sulphur is 
near the surface, but is mixed with rock ajid 
other impurities which make it necessary 
to purify it by distillation. The heat for the 
process is provided by burning some of llv 
sulphur to sulphur dioxide. It is doubtful 
whether Sicilian sulphur can compete on equal terms with the 
Louisiana prcKluct, and more than 8o per cent of the world con¬ 
sumption of elementary sulphur is now supplied by the United 
States, It is, however, possible that labour costs in Italy may be 
sufficiently reduced to bring Sicilian sulphur back to its pre¬ 
dominant position as far as Central Europie is concerned. 

Properties. —Sulphur occurs in more allot n>pic forms than any 
other element: wc sJiall discuss only a few of the more important. 
Tlie density of the modifications diflers slightly, but is always 
about 2. 

I. Rhombic, ocUthedral, or a-sulphur .—This is the ordinary form 
of sulphur. It is stable at room temperature, and the other varieties 
revert to it more or less rapidly. It is also precipitated at 
room temperature from solutions of sulphur in such solvents as 


« I I I I I 
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-.irlion disulphide or chloroform. If rapidlv heated it melts at 
. It is bright yellow in colour. Rhombic sulphur crystals 
■•■nisist of S, molecules in piickereil octagonal rings, l6 to the 
unit cell. 

j. Monoclinic or ^-Siulphur, —l*his is the stable form of sulphur 
temperatures between 94*6® (the transit ion-point) and its meltiiig- 
[»ouu of 120®, It can be obtaincxl by cooling liquid sul[>hur or by 
t fvstallizing sulphur from its solution’s in this tcmix^ratiire interval, 
as is so often found, although metastable l«‘low 04-b®, yet it 
njicn api>ears first when sulphur is crystallized from its solntifjns 
this tcmpraturc. Under tliis condition it subsequently 
n verts to a-sniphur. 




I'li’ i.v,. FuniuhKicM lurwFiiN a- AKn /J-Siai'ium 

Figure I shc/ws the usual pressure-ternjHtrature relations of a 
sii)>st;uice whicli, like sulphur, contracts 011 solidification, O 1 x;ing 
the triple jxjint, and at a temperature very nearly e<|ual to the 
melting-point under atmosplieric pressure. Figure II shows lir>w 
this simple typo of diagram must be modified to j)rovide for the 
occurrence of a second solid mcKlification, in this case /S- or mono- 
clinic sulphur. The figure is diagrammatic only. ^-Sulphur is 
tlie stable variety within the shaded area; the diagram shows tluit 
it contracts, as a-sulphur does, on solidification {since its meltitig- 
f>oint is raised by pressure), and that its melting-point is ncarlv 120®. 

3. Nacreous: sulphur is a modification resembling yS-siilphur, from 
which it differs in its cr^^stallmc fonn, and may be obtained by 
cooling liquid sulphur under certain condilion.s or by producing 
sulphur in various chemical reactions such as the decomjxjsition of 
polysulphides by acids. 
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4. Plastic sulphur, produced when molten sulphur is siiddenh 
chilled by being poured in a thin stream into cold water. It is :* 
sticky clastic substance which rapidly reverts to the rliomhi; 
form; it is in fact an undercoolcd liquid. It is known to consist 
of long chains or * fibres * of sulphur atoms. A fonn of pul])hui 
insoluble in carbon disulphide may be obtained as residue by 
extracting plastic sulphur with carbon disulphide. 

5. Cdlnidal sulphur can be obtained by the interaction of dilute 
solutions of hydrogen sulphide and sulphur dioxide. The solution' 
may l>c of various colours according to the siw* of the particles. 

Sulphur is usually supplied to the laboratory cither in ]un'p> 
or in a fine yellow jKUvdcr called flovrrs of sulphur, obtained ov 
condensing sulphur vajx>ur on a surface lx*low its ineUiiigqHiiiu 
(sec the phase diagram)* Suljilmr is distilled from a retort ml • 
a large chamber, on whose* walls the fiowers of sulphur collect. 
At temperatures not far above the melting-point molten sulphur 
is a mobile light brown liquid, but as the temperature is raised tlic 
liquid becomes black and viscous. At al>out 200'' it is opaque and 
scarcely fluid, but on raising the temiieratiire still further the 
fluidity is regained, and the liquid, though dark in colour, is Iran'*- 
parent. These changes have now been fully cxjilaiucd. At tern 
peratvires near to 200® most of the eight-memlxTcd rings present iu 
the solid and in the liquid near the melting'point become broken, 
and the fragments le-iinitc into very long chains of sulphur atoms. 
A high viscosity is characteristic of the. presence of such chain 
molecules, and is duo to (heir approximate alignment. Tlie chains 
must he tenninated by unsatunded sulphur atoms: they an* ui l,i< t 
free radicals, albeit of very' high molecular weight, mid to this the 
d«‘p colour is due. On suddenly chilling the chains persist mid 
confer 011 plastic sulphur the elastomeric properties typic.il of 1 libber. 
At room temperature, however, most of the chains bn^ak uj) lr> 
place to the original rings, but some sulphur of high molecular weight 
survives which is insoluble in carbon disulphide. 

Liquid sulphur IwiJs at 444-5®. As sulphur is easily purified by 
distillation this temperature is frequently used in the standardiza¬ 
tion of apparatus, such as tliermocouples, for measuring higii 
t empera t\irrs. Vapi inr-densi ty men surements sh ow t h at the su 1 ph u r 
molecule in tlic vajKiur phase at temix^atures not far alx^ve I lie 
boiling-point is S^. Measurements by the usvial methods of the 
molecular weight of sulphur in its sc»]utuuis lead to siniihir results. 
At higher temperatures the vai>our dissriciates into S. moleculis. 
by fission of the cyclic S^, molecules, and at the vajKnir 

density corresponds’ with S,. At about 2000*^ vapoui-dciisily 
mcasurcinents show single atoms to exist in tlie vapour. 

Sulphur is a colourless or yellow substance which darki'us 
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kfi )ieating. It is an excellent insulator, and is used for this 
Idrpose in electrical apparatus, e.g. in electroscopes. It combines 
almost all elements either at room temperature or on heating. 
li lb stable in the air, but on heating burns with a blue flame lo 
I »rm tile gas sulphur dioxide, SO*, and a little sulphur trioxidc, 
"O,,. Sulphur is insoluble in water, and docs not react with it, 
i nt when steam is passed through boiling sulphur a little hydrogen 
iiipliidc cuid sulphur dioxide arc produced: 

3S-!-2lT20%'*::Il2S l-SOj. 

rtiC Toactiou l>ct\vccn sulphur and some ni<‘tiils, csjsocially it baXh 
ic in the powdered slate, is very violent. Thus a mix hi re of zinc 
Just and flowers of suli>hur Ixromcs incandci4<.cnt wlu n touched 
\nfh a red-hot bar. (iUti|K)vv<ler is a mixture of charcoal, sulphur, 
•md potassium nitrate. 

Sulpluir W'lll not ihssolvc in aeuls as such—i.e. it is unallecled 
by hydrogen ions—but it will dissolve in allcaliiie .solutions, esprrcially 
•u healing, Sulphides and thiosulphates an* among the i>rfnlurts, 
i»ut more complex substances arc aNo pniduccd. The simplest 
i nni of the equation is: 

.|S | boir*. aiiA 

1)111 it is incomplete. 

The princijKil uses of sulphur an* the pie pa rat ion of sulphuric 
unci calcium bisulphite, it is abm uscxl ni dusting vini> to 
preserve them from fungi, in valcanaiiig rubber, and in tlic 
preparation of carbon disulpiikle. 

11 YDKiDEs.—Hydrogen sulphide, ‘sulphuretted hydrogen,' iljjS, 
incurs naturally in certain voUvinic ga^cs, and is formed when 
Jiydrogcn combines with molten sulphur or sulphur vapour: 

but as the reaction is reversible this Ls not a convenient mctliod of 
preparation. In the laboratory the gas is asually prepared by the 
action ol a dilute acid such us hydrochloric acid on a mct«d suliihide 
—Ubiially ferrous sulphide— in Kipp's apparatus or similar device: 

FeSH zH*'—TV'+IljS 

It may be dried with calcium chloride. If ordinary ferrous sulphide 
is used, the gas is likely to contain hydrogen, hydrogen chloride, 
phosphine, and arsine. With the exception of the hydrogen these 
impurities may be removed by drying the gas with calcium chloride 
and passing it over iodine, which forms the iodides of phosphorus 
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and arsenic, and then wasliing it several times with water and 
drying again* Perfectly pure lij’tlrogen sulphide can be propari' ^ 
by the action of water on sjmthetic aluminium sulphide: 

A]8S3+6IIjO= 2A1(OH),+3H8S f. 

Propttius ,—Hydrogen sulphide is a colourless gas with an 
objectionable smell and highly toxic properties. It is a product f>l 
the decay of organic matter containing sulphur, and is therefovr 
present in rotten eggs. It can l>c‘ condensed to a liquid at —Go' 

It is slightly soluble in water: at room temperature a solution of thr 
g;is saturated at atmospheric pressure is about one-tenth molar 
'I'hc offensive odour of certain sulphur springs—sucl) as those ac 
Harrogate—'U due to dissolved hydnjgcn sulphide. In a liber li 
supply of air hydrogen sulphide can be burned completely Xu 
sulphur dioxide and water: 

-2H2O+2SOJ, 

and can form explosive mixtnies with air or oxygen, but if the 
supply of air is inadequate, sulphur va|>our and water are produced: 

2H2S + Oj=2HjO+2S. 

The presence of sulphur in a jet of hydrogen sulphide burning in 
the air can be demonstrated by applying it to a a;ld surface, sucii 
as that a beaker full of cold water, on which sulphur will condense. 

The gas is rather heavier than air: vapour density 17 (hydrogen 
ss-i). On heating it diss<Kiates into its elements: 

1 S. 

but a very high 1cmi)eraturc must be reached before dissociation 
is nearly complete. 

When mixed with sulphur dioxide, hydrogen sulphide produces 

a clou<l of sulphur: ^ ti . o 

^ 2lljS|-SOg—2 HjO+3S, 

though the gases do not react if dry. It is easily oxidized to sulphur 
(and i»onictimes higher oxidation-products) by solutions of hydrogen 
peroxide, chromates or p>cnnangunates, by dilute nitric acid, or by 
concentrated sulphuric add, which cannot therefore be used for 
drying it. It ignites spontaneously in contact with sodium 
peroxide. With chlurmo, bromine, and iodine, sulphur and the 
halogen acid arc pioduced: 

H8SfCl2=rr2HCI + Si. 

The aqueous solutioD.s of hydrogen sulj)hidc are slowly oxidized 
by the air with the production of sulphur. At low temperatures a 
solid hydrate, HjS.bHjO, can be isolated from them. Hydrogen 
sulphide in aqueous solution is a very w'eak acid: the dissoda- 
tion-conslant of the fir^t dissociation. H,S^H‘+HS', is about 
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", and of the second» + al>oiit so that 

■ - sn 

Yj 10“^. As already explained (p. 195), hy- 

.;t».i;en sulphide is much used in qualitative analysis for the separa- 
1 Mil of the elements into groups depending on the solubilities of 
111 e i r su Iphi dos. Th c solubi li ty-prodi icLs of some in sol iible s 111 pi 1 i dc s 
j iS'’) arc given below; 

MnS (green}, Cxio”--; MnS {Imff), 7x10“*^^; VeS, about 
TlaS,5XTo-"-i;JCnS,io**«‘toio-»:CoS.2XTO''-'’;NiS,ro* 
CdS, about to FbS. 3 Xicv CiiS, 3x10* Ag-S, lu 
llg,S. T 0 -<MTKS. 3 Xi<>''*h 
ITvdroyen sul}>lnde is i)oisoin»us to all fi>nus of ltU\ 

Hydrogen persulphides.— Solutions of the soluble sulphides, i.c. 
niose of the alkali* and alkalinc-cavth me (a Is or of anin ionium, 
o’adily dissolve sulplnir, fi>nuing yellow sedutiems rontaining a 
'livalent comjilex anion j)nKluced by the combinatuni of a sulpliide 
]i n with neutral sulphur atoms. When such u solution is acidified 
in a freezing-mixture, a yelhiw oil settles to llie l>ottoin of the Ihjuid 
which is a mixture of the higher sulphides of hydrogen. These 
I an be separated by fractional (listillation under reduced pressure 
into the ifisulpliidc, Il^S-, and tlie tnsiUpliidc, 11 2^^- These nre 
li<]iiids whicli oix keeping or wanning readily decompose into 
hydrogen sul]>hido and sulphur. Their odours are mote powerful 
rwn than that of hydrogen suli>hide. Althougii polysulpliides such 
as NagSj undoubtedly exist, no hydrogen jicrsulphide containing a 
I uglier proportion of sulphur than 11 has betm isolated. 

Sulphides of the Metals. —These frequently occur in nature. 1 hey 
ran be prepared: 

(i) by direct combination—all metals except phitinum and gold; 

(ii) 1 ) y h e at ing oxi des of meta I s in the jx) ur of carbon d isul ji h 1 de; 
(lii) by precipitating a salt of the metal, made alkaline if necessary 

by ammonia, with hydrogen siilpliide or ammonium sulphide. 
This method is not available tor ammonium, the alkah- 
nirials, or the alkaline-earth metals, whose sulphides are 
soluble, nor for Ix^ryIlium, aluminium, or chromium, whose 
sulphides are too soluble to exist in the presence of water: 
tiic low solubility of tlic hydroxides of these three metals, 
and their weakness as bases, causes tlie immediate hjd roly sis 
of their suipliidcs: 

AljSa+bHjO-^AKOH)^ j +3H2S f. 

The sulphides are solid substances, often strongly coloured, and 
^vith the exceptions noted are all more or less insoluble in water. 
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The valency of sulphur in the sulphides is always two, but per- (< 
polysulpludcs are known as descril>cd above. When treated wit), 
acids the sulphides may or may not lil)crate hydrogen sulphidr' 
Taking a divalent metal as illustration, the equilibrium in the c!lan^^' 

MSi +2HVH5S t 4M“, 

depends on the concentrations of the leactanls and products, ihut 
IS, on the solubility of the sulphide, the concentration of hydroj^eii 
ions provided by the acid, the solubility of hydro^^cn sulphide lu 
water at the temperature and pressure sclecte<l, and the concentra¬ 
tion of metal ions, if any, in the solution. Tims the very insoluble 
mercuric sulphide is unaffected by col<l concentrated hydrochlori< 
acid, but with cold irnKlrrately concentrated hydriodic acid n^adnv 
liberates hydrogen sulphide: this is l>edusc the concentration of 
mercuric ions in iodide solutions is smaller even than in chlori(l(* 
solutions (p. 515). The solubility of aluminium hydroxide, on the 
other hand, is so small that the sulphide of this dement is decom¬ 
posed by water alone. 

0 x 1 DKS ANT> OxvAClDS.—The m<ist important oxyacids and 
oxides of sulphur are sulphttrous and sulphuric acids, HjSOs niui 
H2SO4, and their anhydrides sulphur dtoxide, SO^, and sulpha! 
trioxide, SO^. The remaining oxides are sulphur sesguioxide, 
and sulphur heptoxide, S,0,, while the remaining acids inchidV 
hyposulphurous acid, ihiosulphuric acid, HgSgOjj, chlorsiih 

phonic acid, CI-HSO3, a dixivalive of sulphuric arid, pcniisulphurw 
acid, HjSjOg, pcnnoi%osulphuric acid, ll-SOg. and a serii's of com¬ 
pounds called the polyihimiic acids. 

Sulphur dioxide, is prepared on a large scale in industry b}’ 
burning sulphur in air or roastuig pyrites; the gas from either sourre 
may contain a little sulphur trioxkin. and when this is an undesirable 
impurity the sulphur is bunicd in a more limited supply of air in a 
special furnace. Sulphur dioxide for sulphuric acid manufacture 
is recovered to an increasing extent from furnace gases evolved in 
certain industrial processes, e.g. the roasting of zinc sulphide, In 
the laboratory the gas is procured either from a siphon (from which 
the liquid can also be obtained by inverting it), or by the action of 
copper on hot concentrated sulphuric acid. In addition to cupric 
sulphate the residue contains cuprous sulphide, which colours it 
black, but the principal action may be written: 

Cu+ 2 H^ 04 =CuS 04 +S 0 g t +2H^0. 

Other substances may be used instead of copper for the reduction 
ot the sulphuric acid. Sulphur dioxide can also be made by the 
action of acids on sulphites, bisulphites, or thiosulphates, e.g.: 

HS 0 ,'+H*:«H, 0 +S 0 *t- 
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Properties .—Sulphar dioxide occurs in nature in the gases from 
volcanic vents and in certain springs, and it is liberated into the 
atmosphere of industrial areas hv the combustion of the sulpliur 
r r >mpoun cl s con lain ed in coal. Sulpl m r dioxide is inim i ca] t o J) um an 
or plant life, and also aiuses stonework to decay. Steps arc now 
l>ning taken to reduce the quantity set free into the air from factory 
cl)imnovs. 

Sulphur dioxide is a colourless gas with an acrid taste and smell 
of ' burning sulphur.* Its vapour density is 32 (hydrogens^i), so 
d is more than twice as heavy as air. and can be collected by 
displacing air upwards. It IkuIs at —and can be condensed to 
a solid at —72'^; the vapour pressure of the liquid at room tempera¬ 
ture, as in a sulphur dioxide siphon, is nearly three alinospheres. 
'riie liquid scarcely conducts electricity. Sulphtir dioxide will 
not burn, but it will combine with oxygen on the surface of a 
catalyst; the equilibrium conditions arc discussed under sriiphur 
irioxiJe, 

Sulphur dioxide dis.solve$ freely in water, which at room tern- 
perature and atmcwphcric pressure lakes up about fifty times its 
own volume of the gas. 'Flie solubility dcMS not obey Henrv's 
law except as a rough approximation, and the solution behaves as 
though it contained an acid—sulphurous acid, H2SOS. Conduc¬ 
tivity measurements and potentiornetric titration show this acid 
to be fairly strong in its first dissociation but weak in its second 
dissociation. Sulphurous acid can bo titrated to a bisulphite with 
methyl red at a hydrogen ion concentration of about lo"*, or to 
a sulphite with phenolphthalcin at a hydrogen ion concentration 
of TO"®: the dissociatinii-conslaul of (he second dissociation, 
HSOj'^H’+SO,', is about J0“’, A hydrate, SO^.fiHgO, can be 
obtained from the solutions at low temperatures, but the add itself 
has never been isolated. Solutions of sulphur dioxide are slowly 
oxidized by the air to sulphuric arid: 

* 21 - 1 , 50 ,, 

especially in the presence of certain sails which act as catalysts, 
and even if air be excluded a slow decomposition in the sense of 
the equation: 

3H2S03=zn2S04 I- SI +H 2 O, 

takes place. 

On account of the ease with which sulphur dioxide in contact 
w'ith water can be oxidized to sulphuric acid, the gas is a fairly 
powerful reducing agent, and will, for example, reduce iodine to 
an iodide, permanganates to manganoas salts, and chromates to 
chromic salts. The reducing action can be represented: 

SOa'-hHjO-^SOi' I 2H*+2 electrons. 
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hut the actual redacing agent is probably tlie ion HSO3', that 
sulphur dioxide exerts a reducing power only in faintly acid solution. 
Weakly acid soltitions of ferric siilts arc reduced by sulphur dioxide 
to tlic ferrous c^>ndition: 


HSO^'-i H.O-L'iFe ‘=^SO/ l-.^H - 



but m concentrated hydnKhloric acid the reaction will not take 
place; indeed, in such a solution sulphur dioxide acts as an oxidizing 
agent and will oxidt/e ferrous salts to feme sidts: 


SO,+4H'+4Fo*-*«Si +2H*0+4lV\ 

Sulphur dioxide is used on the large scale for bleachiiig delicatp 
fabrics» sponges, etc., hut the colour usually returns alter some 
time by atmosj>henc oxKlntion of the c<»lourlcs.s compound {Icuco^ 
base) to which the colouring matter is rcduatl. Very large quan¬ 
tities ol sulphur dioxide, usually prepared by burning pyrites, arc 
used in the preparation of calcium hy<lr<igen sulphite for the 
manufacture of paper Irom wood-pulp. The gas is pas.st»fl Ihrougl) 
towers filled with limestone through wliirh water Inckle.s, nrul 
the action is. 


3H,S0a+CnC03-Ca(nS0j)5+C0, t +11A 

Sulphur dioxide i.s alsf> used on the large scale as a disinfectant, 
as n reducing agent in organic chemistry, as the working liquid (d 
refngerators, and as an ' anticlilor' for removing chlorine from 
goods bleached with that .sob.stance: 

so/+H 20 +at=xS 04 M 2U*+2cr. 

Sulphites.—SolulioDS ol the sulphites of the alkali-metals are 
prcjKircfl by pas.sing sulphut dioxide through solutions of their 
hs'dioxides, but with excc.ss of sulphur dioxide the bisulphites or 
hydrogen sulphites are produced (cotnfxire carbon dioxide): 

20 H'+S 02 =S 03 '+Hs 0 . SO^+SO^d-HgO-zlISOs'. 

Sulphites of other metals can be obtained by precipitation of a 
solution of a salt of the metal with sulphur dioxide or a soluble 
sulphite—e.g. silver sulphite, AggSO,, or barium sulphite, BaSO^— 
or by dissolving the oxide or carbonate in sulphurous acid. Manv 
of the insoluble sulphites will dissolve in excess of sulphurous acid 
as bisulphites (compare the carbonates), e.g.: 

BaSO*! I | 2IISO3'. 

When treated with acids stronger than sulphurous acid the sulphites 
all yield sulphur dioxide, since at atmospheric pressure sulphurous 
acid cannot exceed a certain small concentration in water. The 
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precipitate produced with silver salts is soluble in excess of the 
sulpliile solution^ a complex ion being fonned: 

2Ag’ H-SO/^Ag^SO. I. Ag5S031 +SO/^2AgSO;. 

Sulphites can easily lx> dislinguislml from thiosulphates by the 
precipitate of sulphur given by solutions of thiosulphates when 
treated with acids. The almosj>l»eric oxidation of solutions of 
sulphites can l>e almost wholly prevented by flie addition of traces 
ul certain anti-catalysts (of which quinone is one of the most 
effective), and has l)een shown by Kirn to l>e a heterogeneous 
reaction, since it is completely arrustctl, even in the presence of a 
positive catalyst such as a copixT salt, by the removal ol dust. 

o- 

< 

The constitutifui of the sulphite ion may Ix' wTitlen as “ 0 —S/ , 

0 

hut tlj<* intervention of mesoinerism ('resonance*) ciuses all tlje 
linkages betwticn sulphur and oxygen to become identical (see p. 
351). The anion has a pyramidal sha\w. with sulphur at the apex. 

Sulphur tiioxide. —Sulphur trioxide, SO|, is produced in small 
quanliUes when sulphur hums in air or oxygen, and is made on 
a very large scale for the manufacture of sulphuric acid by the 
oxidation of sulphur dioxide wHili air at 450"^. In the laboratory 
it may be pre))ared by the distillation of fuming sulphuric acid or 
of various sulphates, of wliicli ferric sulphate is the most suitable: 

or by heating concentrated sulphuric acid with phosphorus jientoxide 
or concentrated phosphoric arid: 

H2SO4 - H,.0=S03 f. 

Sulphur trioxide exists in three forms: a-sulphur trioxide, which 
crystallizes in long needles at 17° and boils at 45“; ^-sulphur trioxide, 
a substance with the appearance oi asbestos, melting at 30*, mltj 
which the a-form spontaneously changes on keeping: and y-sulphur 
trioxide, resembling the / 5 -form in apjiearance, but with a much 
higher melting-point, olitaincd from the jS-form by intensive drying. 
Since sulphur trioxide has a great affinity for water it is a self-drying 
substance, and therefore peculiarly suitable for experimenls on 
intensive drying. The vapour pressures and melting-points depend 
on the previous history of the substance and on ihc degree of 
dryness to a most remarkable extent. 

Sulphur trioxide fumes in moist air and dissolves in water with 
a hissing noise, producing sulphuric acid; it Is indeed sulphuric 
anhydride. The reaction with water evolves much heat, and if 
incautiously conducted may lead to explosion. 
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Sulphoric acidt H2SO4, is required in almost all the chemical and 
allied industries, and is therefore n)anufactured on a very large 
scale; the total annual production amounts to some 10 to 14 million 
tons. During the eighteenth reiitury, when it first acquireil in¬ 
dustrial imi>orlance, the supply of Nordhausen acid proved in¬ 
sufficient, and sulphuric acid was miuiufactuied by burning a 
mixture of sulphur and saltpetre and collecting the gaseous products 
in water. Rai)i<Uy increasing demands led to great improvements 
in procedure, and the lead-chaniber me (hod Wiis gnKlually elaborated 
by Roebuck and GARiiErr (J74O), La Folue (1774), Clkment and 
Di'.soKMES (1793). Gay-Lussac and GLOvr.k (i860). Since 

1900 the lu:ul-chand><T pmecss h.is had a serious rival in the contact 
process, suggested by Pekeojuniv Phillii'S of Brij>tol as long ago as 
1831, but lirst successIuUy opt'raled by R. KMcibcii of the German 
linn Badische Anilin-und-Sodafabnk. 

Loth the lead-chaml>er and the coni act process aic catalytic, 
and both dtrpend upon (lie oxidation of sulphur dioxide by atmo¬ 
spheric oxygon. The amlact process yields a very pure and very 
concentrated acid, or oleum if required, but is rather moie expen¬ 
sive to run than the lead-chamlM.*r pnicess. On the other hand, the 
lea< I-chamber acid is less |>nr<‘ than the contact acid and cannot be 
economically concentrated or c<inverted into oleum. Both pro¬ 
cesses are consecpK'nlly employed, but the older method, while still 
producing the bulk of the Wiirld's output, is gradually being displaced 
by the contact method. 

The sulphur dioxide required as raw material is obtained by the 
combustion in air of either sulphur: 

S+0,-S0,; 

or Won pyrites: 

4FcS24 ii0«==^2Fc8054-8S0,; 

or zinc blende: 

2ZnS+^02=2ZnO+230^1 
or the ' spent oxide' of the gjis works. 

The United States and Italy, having large deposits of sulphur, 
mainly employ the first method; in England and Germany, however, 
iron pyrites, zinc blende, and spent oxide are generally used, though 
English manufacturers import a certain amount of sulphur for 
the purpose. Taking European practice as a whole, the principal 
sonrcrf* of sulphur dioxide is iron pjnites, which occurs in inexhaust¬ 
ible quantities in the Rio Tinto district of Spain and in smaller 
deposits in the U.S.S.R., Belgium, France, and Cyprus. Good 
quality pyrites contains 45 to 50 per cent of sulphur (FeS^,, when 
pure, contains 53 per cent), aU of which is available on combustion. 
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The heat of combustion is so great that, once ignited, the pyrites con¬ 
tinues to burn spontaneously. Zinc blende is poorer in sulphur (33 
|x:r cent when pure, usually about 20 per cent commercially) and 
requires a higher temperature with application of external heat for 
complete combustion. This disadvantage is offset by the fact that 
the residual zinc oxide is the chief source of zinc; indeed, the manu- 
liicture of sulplmric acid from blende is merely a subsidiary process 
in the extraction of zinc. 

The Contact Process.—'F hc essential reaction in this process is; 

2SOj+0;jv^2S08-f45,2oo calories. 

The sulphur trio.xidc is then combined with water to form sulphuric 

H ,0 + S 0 ,= H.S 0 ,. 

Consideration of the first equation will show that: 

{a) The proportion of SOa in the equilibrium hills as the tempera* 
ture rises (Le Chateuer’s princii)le). At 450^ the equilibrium 
mixture contains 98 ]>er ccni SO,; at 550^ 85 per cent; at 620®, 
70 per cent; at 700", 40 p<*r coni; and at 3,000®. practically nil. 

(6) Conversion of SO, into SO, will lx; rendered more nearly 
complete by using an excess <jf oxygen action). If the 

sulphur trioxide remains in the state of gas, the equation is: 

[SO.]* K 
[SO,PlOJ ■ ■ 

(c) The forward reaction is acamipiinkxl by a decrease in 
volume and is therefore favoured by increase of pressure (Le 
Chat dier). 

prom these facts the best working conditions would appear to be; 
comparatively low temperature, incrca.sed pressure, and excess of 
oxygen (air). Unfortunately, howe\*er, the time taken to reacli 
equilibrium even at 450® is much too great, while raising the tem¬ 
perature to a jKJinl at which the rcactirm takes place at a satisfactory 
sj)eed causes the cc{uilibrium pioportion of sulphur trioxide to be 
negligibly small. It is clear that a solution of the problem lies in 
the di.scovery of a catalyst to accelerate the attainment of equilibrium 
at a temjjcraturc which gives a high yield of sulphur trioxide. Two 
such catalysis are commonly employed, viz. platinum, and vana¬ 
dium pentoxide or silicate. Platinum is the more efficient, but its 
catalytic power is rapidly destroyed by the impurities—e.g. arsenic us 
oxide—almost always present in commercial sulphur dioxide; hence 
careful purification of the gases has to be carried out if platinum is 
used. Vanatlium pentoxide is less cfticicnt, especially with gases in 
which the proportion of sulphur dioxide is low, but is unaffected 
by the impurities which ‘ poison ' platinum. For tliis reason, it is 
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coming into general use, and newly built contact pi an Is are almost 
all designed for vanadium aitalysts. 

In the presence of the catalyst, the reaction takes place quickly 
at 450®, and a i)S per cent yield of SOj is obtained. Excess of air is 
employcil, in accordance willi the mass-action re<}uirement, but 
increased ]>ressurc is foun<l to l>e unnecessary: in some works a 
pressure of 1*5-1 *7 atmosjilicres is used. 

Typical proco<iiire in a modern works using sulphur as the raw 
materia! is as follows. Sulphur, from a steel hopper, is fed into a 
mol ter heated by su|)orheatc'd si cam; any solid impurities an* 
retained by a scries of baffles. The mnllen sulphur is pumped into 
a burner consisting of a h<«rizontaI cylindrical steel tank lined with 

1 icat • resisting 1 irebrick, 
and meets an incoming 
stream of air previously 
dried by passage thTx>ugh 
04 per cent sulphuric acid. 
Complete ccHiibustion 
occurs, and the gases— 
which contain about 7 j)CT 
cent of sulphur dioxide, 
witli excess of air and 
iijtnigcn—leave the burn- 
luii. l)usr-KfcMoviNC I'j a.st at a lemi)eraiure of 

about 700®. 

Tills Icnipcraturo is too high fcjr the aifalytic reaction, so the 
g.ises are cooled to alniut 420 -450® by passing them through two 
systems of pipes air-cooled by electric fans. They next ]>:xss through 
mechanical filters, where dust is removed, and then enter the catalyst 
chambers. These cliambers, of w’hich there are usnallv two fin 
senes), contain vanadium pent oxide supported on some inactive 
material such as asixjstos. The rate of flow of the gases is so 
regulated that the desired lenijxjrature (420®-45o'') is maintained, 
without application of cxiernal heat, by the exothermic reaction 
itself. About 80 per cent of the sulphur dioxide is converted into 
the trioxidc in the first chamber, and the issuing gases are passed 
through a cooler l>efore entering the second chamber, where the 
bulk of the catalyst is placed and where the remaining sulphur 
dioxide is oxidized. 

After a further cooling, the gas mixture (SO^, Oo, Nj) is passed up 
a tower down which cold qiS-q per cent snlplmric acid is sprayed; 
this absorbs the sulphur trioxide to form oleum. The acid leaving the 
absorber is diluted with water to oS-g per cent, and sufficient of it is 
recirculated to the ab.sorbcr. The rest is run off for storage and sale. 

Such a plant can be w*orked by a single operator, and may produce 
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as much as 100 tons of 98 per cent sulphuric add daily. The average 
power consumption per ton of acid is 36 kilowatt-hours, wliich, at 
a cost of ^d. per unit, is equivalent to gd. Oleum of various con¬ 
centrations uj) to 25 per cent SOj may be obtained by absorbing the 
sulphur trioxide in concentrated sulphuric acid untU the required 
concentration is reached* 

Where pyrites or other sulphide-mineral is the source of the 
sulphur dioxide, and platinum is used as catalyst, the gases leaving 
the burners arc passed between 
highly charged conductors, wluch 
cause electrostatic precipitation 
of solid particles (ASjOJ, etc. 

(l.onGE-CoTTUKU- systcHi). Alter¬ 
natively they arc washed with a 
spray of water, and in both cases 
are afterwards tiried with sulphuric 
acid. They then pass over the 
catalyst at 420-450'^. In some 
works, ferric oxide at Coo-700® i.s 
employed as a preliminary catalyst; 
this effects oxidation of about 
two-tbirds of the sulphur dioxide 
and has the advantage that nopurt- 
lication of the gases is necessary, 
since, although the efficiency of the Pig. 137. Contact Towku 
ferric oxide is gradually iinpaire<l 

by the absorption of the impurities, it is so cheap tluit it can be 
replaced eamomically as often as required. Thu mixture of gases 
leaving the ferric oxide ciiamber is sufficiently pure for the remaining 
conversion to be carried out with a platinum catalyst. 

The Lkad-chamber Process. —The lead chambers in which this 
process was formerly conducted are now obsolete, and in the more 
modem plants the operations are carried out in towers at a great 
saving of initial cost and of ground space. The sulphur dioxide, 
obtained by burning either pjriles or sulphur, is oxidized by air 
in the presence of water and oxides of nitn^en, whose action is 
catalytic, since only small mechanical losses have to be made up. 
The exact nature of the cycle of oj)erations by which the catalyst 
carries out its task has long b«*cn a matter of dispute, and tlie 
problem offers peculiar difficulties because the conditions of tem¬ 
perature and concentration differ widely in the various p«irls of 
the reaction vessels. The suggestion that the nitrogen peroxide 
introduced into tlie system is reduced to nitric oxide and then 
oxidized by atmospheric oxygen in accordance with the equations: 

SOj-(-H.O+NO,- H,SO,-f NO and zNO + O^^^zNOg, 
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IS an obvious one, but the first reaction, if attempted under con¬ 
ditions similar to those prevailing in the plant, will not take place. 
Alternative theories postulate the formation of various intermt'diate 
compounds, among them nitrosyl bisulpliate (NO)*.HS04', a com¬ 
pound produced in the plant when insufficient water is present, and 
lienee known as ' chamber crystals.* Very possibly more than one 
of the .sugge.stcd explanations is correct. 

To the hot mixture of sulphur dioxide, oxygen, and nitrogen 
which leaves the pyrites burners, enough oxides of nitrogen (produced 
by the catalytic oxidation of ammonia as described on p. 3<)o) arc 
added to make up ]os.ses in working. The gases then pass up the 
(Jhivcr towers, in which in the ohler forms of plant they acquired 



Glc*vFr Twers Gay-Lussac *IoviTrs 


Fig 13S SuLPirUKic Acio Makupacture: Mooerx Tower System 

the necessary oxides of nitrogen from a descending stream of 
concentrated acid. In the mc^ern forms the sulphuric acid is 
actually produced in the Glover towers, of which three or more 
in series may be employed, and the lead chambers which gave their 
name to the process are dispensed with. All the towers used are 
hlled with broken flint-stones and axe lined with lead. The gases 
in every case pass up the tower while liquid trickles down. To the 
first three towers there is supplied water and acid from the last three. 
Thi.s acid is highly charged with oxides of nitrogen and nitric add, 
and these catalyse the reaction between the incoming gases and 
the water ui the manner already referred to. From the Glover 
towers the gxses pass direct to the Gay«Lussac towers, m which 
they give up their oxides of nitrogen to add which has passed down 
the Glover towers. The Gay-Lussac towers are cool, while the 
Glover towers, into which the hot gases pass, are hot, and this is 
why acid which takes up nitrogen oxides in one set can lose them 
in another. The finished pr<^u€t is withdrawn from the first 
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tower, wliere it meets hot fn^h gas and is entirely freed from 
Mtrogen compounds. It is not very concentrated, and if conccn- 
laled acid is required it must be prepared by evaporation in a 
' cascade ' of basins made from fused silica, fused alumina, or otluT 
ricul-resisting substances. These basins are heated from below. The 
mntact process produces acid of any reejuired concent rat icm without 
\]iv need of evaporation. In another process flic dilute acid is 
sprayed into the top of another tower—ihc Gailj.akd tower— 
ssluch is supplied with an ascending curienl of hot producer-gas. 
f his carries away a good deal of the water and leaves a more 
concentrated acid, wliich is collected at the bottom. Very recent 
lorms of plant produce acid of 78 per cent concent rat i<*n, wliich 



need not be evaporated at all. The vapours from either process 
contain notable quantifies of sulphuric acid w’hich is recovered as 
dilute acid by absorption in water. 'Jlie product of the lead- 
chamber process or its modifications is not only less concentrated 
than contact acid but is also less pure, though in recent years 
competition has obliged the manufacturers to improve the quality 
by purifying the gases from the burners. The principal impurities 
in 'chamber' acid are oxides of nitrogen, and arsenic, which 
latter may be present to the extent of i gm. per litre. Neither 
should be present in contact acid, even if made from pyrites. 
Nitrogen oxides can be removed by wanning the acid with 
ammonium sulj^hatc, which is oxidized to nitrogen and nitrous 
oxide; 

2NH;4 2N0g-2H r N, t I N^O | -| 3HgO. 


Arsenic is a very undesirable impurity and must Ix' removed, either 
by heating with hydrogen chloride, when the arsenic escapes a,s 
the volatile chloride AsCl|, boiling at 130''; or by precipitating the 
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arsenic as sulphide by treating the diluted acid with hydrogen siil 
phide. Other impurities which may be present in smaller quant it ii 
include hydrogen chloride, iron, selenium, aluminium, and lead. 

The concentrated sulphuric acid of the laboratory contain•. 
about q6 jxt cent H^SO^, and has a density of al>ont i *84. 

The world production of sulphuric acid is probably not far shon 
of twelve million tons ]xt annum, of which between one and one ami 
a half million are produced in Great Britain. Sulphuric acid 1- 
used in almost all the cheniic.al industries, and especially in t^e 
rnatiufaclurc of Icrldizers (calcium superphosphate and ammonium 
sulphate), which absorl>s more thiin half the total out put, sodium 
sulphate (for glass and sail-cake manufacture), hydrocliloric mu' 
nitric acids. 

s^ul^huric <icul, 'oil of vitriol,' 'vitriol/ manufactured lu 

the ways described above, can bo concentrated by evaponitiou 
until it contains about 98 jht cent Sulpinir trioxidc is 

freely .soluble in sulphuric acid, and acid called Juinin;; su!f>/nirn 
ociil, Nordimiiscn sulphitric acid, or oleum, can be prepared with 
any desired content ot free sulphur trioxidc up to aVnit So percent 
of the weight of Tlie too pt^r cent acid freezes at 10^. On 

distillation under atmospheric pn*s.surc it loses sulj)fiur Irioxnic 
and leaves tlic constant-boiling mixtiii'e with ()S per cent HjSt)!, 
which boils unchangwl at 330*'. 

Sulphuric acid is a dense, oily, highly cornKivc liquid with ;ui 

inordinate alfuhly for water, which causes it to be used tor dry ini! 

gases and in desiccators. From animal or vegetable tissue 11 

removes the elements of water and leaves carbon bfliind, thereby 

• 

becoming bnnvn or black. If the mixture is heated, the carbon 
will reduce some of it to sulphur dioxide. The great heal <lc\'clopcd 
when sulphuric acid and water are mixed may lead lo tlangerous 
explosions; it is much safer to add the acid to the water Ilian tlie 
water to the acid. The study of the freezing-points sulphuric 
acid-water systems indicates the existence of hydrates, H.^S04.U20, 
H2SO4.iHjO, and H2SO4.4H2O. and others may exist in solution. 
The vapour obtained by boiling the acid is largely dibsocialed 
into sulphur trioxide and wafer: 

and this dissociation is increased by raising the temperafure or 
reducing the pressure. 

H-0. O 

The constitution of sulphuric acid is very probably >S'. 

0 

and this formula agrees very well with its chemical behaviour. 
Apart from the decomposition into sulphur trioxide and water on 
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it may in its reactions decompose in three ways according 
T.) the conditions: 

I. As an acid: H2S04^H'-!-HS04' followed by HS04VH'-1 

z. As an oxidizing agent: H8S04^Hj0-(-S02-( 0 . 

As a sulphonating agent: 2H2S04F^IIS03'+IIS04 '+Hm0. 

1. The acid decomposition takes place only when the liyclrogon 
(ons can be removed from the system or can enter into combination. 
Water promotes the ionization of all acids by fornung hydrated 
hydrogen ions: 

H2S04+2«H40v>2(H.uH/)) +SO4', 

and in aqueous solution sulphuric arid is a strong acid, ar any rate 
in jU first dissociation. Tlic dissociation-constant of its s<'cond dis* 
soeiutjon. HSO/t-H’H-SO/, is about 0*03, so that sulphuric acid is 
n<»l (|uitc so strong as the typical 5tn»ng acids. In careful ]>utentio- 
Tui'tnc titration a faint point of inflecUon am lx: detected corre- 
'•jumding with HSO4', but this does not affixt the titration of 
su 1 ];huric add solutions with indicators. Suitable metals will 
displace hydrogen from dilute sulphiinc acid in the ordinary way. 

The acid decomposition can a!5k> take place wlieti the concentrated 
acid is heated with the salts of more volatile acids: 

}r+cr^iicit. 

The high boiling-{winI of sulphuric acid is responsible for its welb 
known power ol expelling acids from their sails, since the maximum 
possible concentration of (c.g.) hydrogen chloride in tlio liquid 
})hasc at high temper a ture.s is very small. 

2. The hot acid acts as an oxidizinji agent if water is absent and 
suitable reducing agents are present. Metals usually liberate 
sulphur dioxide from the hot concentrated acid, and they may 
lurthcr reduce it to hydrogen sulphide, while sulphur is often 
formed from the sulphur dioxide and hydrogen sulphide. A iiigh 
temperature, which redututs the maximum possible conccntrati(»n 
n{ sulpliur dioxide, is usually required for these reactions. boYLE 
discovered that sulphuric acid could lx* pcirtially reduced to sulphur 
by distillation with turpentine. 

3. At low temperatures aiul in the presence of substances con¬ 
taining hydrogen, but in the absence of M*ater, sulphuric acid acts 
as a sulphoiiuling agent: 

QH4-I-H4SO4-C 4 H..R 0 ;,lI-f UgO. 

Icnscm Oentem 

iiUpffontc aetd 

The real agent is tlie cation HSO;,*(i?H-| HS03*=R3IS03-(-H*), 
which, as equation 3 shows, i> formed freely only in the absence of 
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water, hence the reaction is assisted by the use ol fuming sulphuri« 
acid, whioli run tains free siilpJmr tritixidc. If the system Ls allows-1 
to get tuo hot the product may be oxiiltzcd aud the sulphuric ace I 
reduced. 

Sulplinric arifl was fnrincrly usi^d fur rrm<aiijg the elements nf 
water from fithcr siibstniircs c.g. with Jts help alcohol can hr 
r<aiverted to eitluT etbi i* or ethvicne: 

2CdIvOH- C.Hs.OH-H/) 

ffh'ohtJ (ilur ifktthol I'thy/cnc 

Su/f>hitii's.- I’hrse an* desc-nlHsI uihUt the metals. The sulphati 
of (rculiiiin)> buiiUMi, sinaitium. calcium, silver, lc;ul, an<l tncrciu 
(-uijs) arc iJisoluble or 4 *nly slightly soluble iti water. 'I'ho au^. 
sulphates or bivulpiiatos such us NallSOj all lose sulplmric acul 
on strong heating, yielding the normal sulphate: 

zNaHSDj N';uSO, hHaSOif. 

Chlorsulphonic acid» (HSO;,H, is the acid numuchlorlde of sulplinric 

Cls .0 

acid and has the tonnnia . It can be pn'pajed by 

H-0' H) 

the combination of hyilrogcii clit<ui<le and sulphur tnoxi<te: 

HCl+SDa CLSOjll, 

or more conveniently by passing hydrogen chloride Inli) fuming 
sulphuric acid (w'hich contains free sulphur trioxide) at roimi 
temperature. Tlic chlorsulphonic acid is then distilled off and 
purified by distillation. It is a cohiurless, dense, fuming litjukh 
l)oiluig at 155“, which reacts violently with water, fonning hydrogen 
chloride and sulphuric acid, and is used in organic chemistry to 
prod ucc sui plioch I oridcs: 

KH+Cl.SOjH^ R-SO/H H.O. 

Sulphur sesquloxide, 'J'his is a blue sul>stance obtained by 

adding sulphur to mol ten sulphur trioxide at 15"^. It is unstable 
and readily decomposes into sulphur and sulphur dioxide: 

28503^5+35031* 

and is immediately decomposed by water, forming «i mixture 
of acids. 

Dithionoufl acid, H2SJO4.—It should be noticed that this acid 
is not produced when sulphur sesquioxidc is treated with water. 
Sodium dilhiomle, 'Sa^SjO^, is produced on the large scale by re¬ 
ducing a solution of sodium hydrogen sulphite witli zinc: 

aHSO^+Zn+aH'=ZiT*+5504*+2H5O. 
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If th('liquid kept cold, most of the dissolved zinc is removed as 
'11 insoluble* double sulphite. The hydrate NajS204.2Hg0 can be 
obtained from the snlnlion, and must be dehydrated (as it is unstable) 
hv with alcohol. The product is used in the dyeing industr>’ 

(1 reducing agent. 

A solution of dithionous acid can be prepared by acidifying a 
-Mlution <jf sodium dithioniie, or bv electrolv^ic reduction of sul- 
(•liiirons acid, but the free acid is very unstable even in solution, 
ami luus not lH*un isolatctl. Its solutions, which liave a repulsive 
uicll, are very powerful re<lucing agents. The acid is nearly as 
sirong as sulphuric acid. 

Thiotulphuric add, H^S^Os*—'Hie manufacture of sodium thio¬ 
sulphate, NnjS^Ojj.sHjO, from alkali waste has already been dc- 
srnhed (p. 452). Solutions of this sul^staiuv can also be prepared 
hv boiling sodium sulj>lutc solutions with sulphur: 

S 0 /tS^Ss 03 *. 

Its stilutions art* usf‘(l in jihotogiaphv as solvents for silver halides, 
uhi<'h dissolve in them with the formation of u comi^le.x silver 
tlno^julphalc ion: 

AgHrH SA^■^ApS,0/4 nr', 

a reaction very similar to that iM twwn sulphites and silver salts 
(p. 472). Sodiiini thiosulphate is wry widely used in the lal><>ratory 
as a volumetric reagent for the ('stiinatiou of i<Hliiic (usually dis- 
'oh'cd in solutions of p(^tassium iodide), by which it is converted 
to a tclrathioiialc: 

1, [ 2SA'--= -^1' i ^i0/. 

Witli chlorine or bromine, <m the other hand, a sulf»hatc is produced: 

4rU+SA'+5H/>-- ''^( l'+2SO/-i loH*, 

but these reactions are much less suitable for vuliinictrJc analysis. 
Sodium thiosulphate, like sodium sulphite, is umxI as an anticlilor. 
Its solutions are fairly stable in air, though on long standing they 
may deposit a little sulphur; consequently the concentration of 
such sf)lutions must Ix^ fairly frequently dieckcd when they aie 
used fur volumetric analysis. 

'Hie thiosulphates can be oxidized without difficulty cither io 
letrathioiiates or sulphates. When treated with acids they evolve* 
sulphur dioxide, just as sulphites do, but they can lie distinguished 
from sulphites by the sul|>]iur which they de^xisit at the same time: 

SA'l-2H'=S0jt +Si +H20. 

Poi.ythIONIC Ac u>s.—These acids or their salts may bo prepared 
by special methcKls, some of which arc briefly epitomized in the 
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following equations of reactions in aqueous solution, at room teiu- 
pcTature, unless otherwise indicated. 

(1) Diihinnate: 

2 Na«SO,-f 2 AgNOs--NajS*Oc-l 2 NaNO, \ 2 Ag | 

( 2 ) rriibiomk: 

Na^S.OsH 2Nal!S0, ! sSO.- 2^’a2Spp^-H.O. 

( 5 ) Tvtrathwivc itad- 

SjCl, i 2 .SO. fI 2110. 

(-j) Pi'nfathiuuiC add 

SNa 8 Sa 03 ^ ••- dEO-i JoNaCl {-rrO. 

O 0 

c " 

Tlu' i>olyliMonic anions may bir writh'n Oi-S- ^ S . (), in w)u< i, 

0^^ 


V runs from 0 to prohuhly 4. The u sulphur atoms link the (SO;,) 
grou]>s in a simple chain. 

Sulphur bepiozide, Persulphuric anhydride, S.O., is taade hy 
e.\ix>sing a ini.Ktnre of sulphur ihi)XHlc or siilplmr tnoxi<le arid o\vf;on 
to the silimt discharge. 

4S0:,4 02 -2SA* 

Stilphur heptoxido is n colourUss liquid freezing at o'', which, on 
warming, readily dcconijx>hCs into siitpluir trioxide and oxvgen. 
It dissolves in water with the evolution of much lu'ut to give a 
sc»luti<in of persnlplairic acid. chilled jKTdisulphuric acid to 

distinguish it from j>ennoiiosnli>huric acid, H^SO^. 

Persulphuric add* IlgS^Os.—This cU'id has the structure 

HSO3- O- 0-. HSOj. 

It can Ik' synthesized by the action of hydn>geu j>oroxidc on chlor- 
sidphonic acid: 

S 0 ,. 011 .cn U.O.O.lH-Cl.OH.SO^^ SOa.OH.O.O.OTI.SOg f 2liCh 
The most < onvenient mcthtnl of preparing a solution of this sub.stance 
is the clectnJysis of not too concentrated sulphuric acid (40 per 
cent) in a diaphragm cell at a low tcinjxjrature with a siiuill smooth 
platinum anode and a high current density. Under these conditions 
the oxygon over-voltage is a maximum. 

2 =H 2^208 4-2 electrons. 

By using anhydrous hydrogen peroxide and dilorsul]>honic acid, 
as described above, the anhydrous add can Ikj pn^pared. It is a 
fairly stable solid, melting at 65®. w'hich readily loses oxygen on 
wanning and is a powerful oxidizing agent. 

Sulphur tetrozide, SO4, is a white solid, M.P. 3®, obtained when 
a mixture of sulpliur dioxide with excess of oxygen is subjected to 
the glow electric discharge at low pressure (less than i mm.). It is 
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powerful oxidizing agent, converting manganous salts into per¬ 
manganates and aniline into nitrobenzene. From its formula it 
would appear to be the anhydride of permono^ulphuric acid, H^SOg, 
init this acid is not formed when the tetroxide is dissolved in water, 

Permonosulphniic add, H^SO^, sometimes called Caro’s acid, 
alter its discoverer, is prepared by the anodic oxidation of concen^ 
!/ated sulphuric acid, or by treating potassium perdisulphate with 
. nneentrated sulphuric acid, a curious reaction which is apparently 
a hydrolysis: 

H03S.0,0,S03H+Hj0=^H0,S.0.0H4-IJ,S04. 

The anhydrous acid may be prepared from hydrogen peroxide and 
half the amount of chlorsulphonic acid required for the conversion 
to perdisulphuric acid: 

HOjS.Cl-l-H.O.O.H^HOaS.O.OH-l-HCl, 

nnd this shows the acid to be a sulpbonation product of hydrogen 
))croxidc. The anhydrous acid melts at 45^ It is a powerful 
ixidizing agent resembling perdisulphuric acid in its behaviour* but 
its active oxygen, as might be expected from the constitutional 
formulae of the two compounds, is more easily accessible. Solutions 
of permonosulphuric acid, like solutions of hydrogen peroxide, will 
liberate iodine fairly rapidly from iodide solutions, whereas with 
perdisulphuric acid the action is much slower. 

The persulphates are pro<luced on the manufacturing scale by 
electrolysis for use in the dyeing industry as oxidiztJig agents, 
and for the preparation of hydrogen peroxide. 

The Halides of Sulphur.— Sulphur combines with all the 
halogens except iodine to form halides, which are volatile substances 
decomposed by water, with the exception of sulphur liexafluoride, 
Uie stablest member of the scries, and a compound in which sulphur 
displays its maximum covalenry. 

Fluozides. —Sulphur bums in fluorine, the principal product 
being sulphur hcxajloride, SF,, a colourless gas, boiling-point —64®, 
luelling-point —51^. It is a very stable inert substance, unchanged 
on heating, nearly insoluble in water, and unaffected by fused 
caustic pot? sh. It can, liowcver, be decomposed by strong reducing 
agents such as boiling sodium, or by s]xirkiug with hydrogen. 

Sulphur duafluoridc, a liquid boilit^ at 29^, is produced 

with the hexafluoride when sulphur bums in fluorine, and is as 
unreactive as the latter. Tlic constitution is F^S—SF's. 

Sulphur monofluoridt, is probably obtained when sulphur 

is heated with silver fluoride*. 

Chlorides. —Sulphur reacts with chlorine at tlie ordinary tem¬ 
perature, the first product being sulphur monochloride, SjCIi, the 
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most stable chloride oi sulphur. The product of the reaction 
purified by distillation at 138^, which frees it on the one hand frorij 
the less volatile sul|>hur, and on the other from the more volatile 
sulphur dichloridc. XliemonochloridcLs a fuming yellow liquid with a 
snlfocating odour; it is decomposed by water, with the formatioi, 
ol hydrochloric acid, sulphur, and a mixture of sulphur oxyacids, 
and on heating is partially decomposed into sulphur dichloridt 

S,C 1 ,.-SCU+S. 

it IS used in the chlorination ol organic compounds, and also m 
the preparation of inorganic chlorides. Electron diffraction show^ 

SjCl* to have the structure When sulphur is ex 

posed for a longer period to the action of chlorine in excess, sulphur 
dichloriJc, SClj, is obtained, and can be imrihcd by distillation 
at 50® ill a rapid current of chlorine. It is a heavy brown liijuid, 
fuming in air. and with a strong smell resembling tliat of chlorine: 
Its n»acti<>n with water is similar to that of the monochloridc. 
It gives off chlorine slowly at ordinary temperatures and more 
rapidly on heating, leaving the monochloride. Sulphur icinh 
chloride, S(’l4. is a >'cllow solid which can exist only at low tcni- 
peraturos, say Ih*Iow —30*; <jn melting it decomposes into the 
dichloride and chlorine. It is prepared by the action of chlorine on 
the monochloridc at a low tcmpeniture. 

Bromides.—Sulphur and bromine probably form only one 
cOTn])Ound, sidphur monobromidc, S^Br^, easily obtained by heating 
the rlemenls together in a sealed tube on the water-bath. It is a 
heavy red liquid, freezing at —40® and fuming in air. It is decom¬ 
posed by water and is al^ decomposed into its elements on heating. 

OxYHALiims OF Sulphur. —Sulphur forms two principal series 
of oxyhaliclcs; the sulphuryl halides, such as SO^Clg, the acid 
dichloride of sulphuric acid, and the thionyl halides, such as SOCl„ 
the acid dichloride of sulphurous acid. 

Sulpboryl fluoride, SO^F^ is prepared by combination from 
sulphur dioxide and fluorine. Like sulphur hexafluoride, it is a 
very stable colourless gas, only slightly soluble in water. 

Solpboryt chloride, ^^Cl^ can be obtained by combination from 
sulphur dioxide and chlorine. The action takes place slowly in 
sunlight and can be accelerated by a catalyst, such as charcoal or 
camphor. It can also be prepared without difficulty by boiling 
the acid monochloride—chlorsulphonic acid—with a little mercuric 
sulphate as catalyst: 

2 C 1 .S 0 ,H=H,S 04 - 1 -S 0 jCIjj t • 

Sulphuryl chloride is the most volatile constituent of the resulting 
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mixture, and can be distilled off throuRh a reflux condenser at 7c", 
which retains the chlorsulphonic acid. It is a colourless liquid, 
liuninp in air, and with a suffocating smell; it boils at 70^ but the 
\apour is partially dissociated. When mixed with water it evolves 
luuch heat, and forms first chlorsulphoiiic acid, then liydrocldoric 
;iiid sulphuric acjds: 

^OgClj+HgO-CKSO.H+HCl. C 1 .S 03 H-!-H, 0 --H 2 S 04 l HCl. 

Thionyl chloride, SOCl^.—Numerous methods arc availahic for 
the preparation of this compound. It may be obtained by the 
.Ktion of phosphorus pentacliloride on sulphur dioxide or the 
sul[)lutcs: 

SO,+PC^-^SOCU t POCI.,, 

nr by heating sulphur trioxide with sulphur monocliloride: 

S05+SjCI,.=S0(:ij t I SOj t f s. 

It is a heavy colourless liquid with a strong smell, and boils at 78®; 
it can readily \x*. distilled without dcoimposition if watcr'*vaiK>ur 
b excluded. It is immediately decomposed by water, forming 
liyilrochloric acid and sulphur dioxide: 

soc:L+ii 50 .=so 8 t +2!ia 

Thionyl chloride is used in organic chenu.stry to rcphicc hydroxyl by 
chlorine: 

2 R 01 f 4 -S 0 C 1 ,- 2 Ra I H,OfSOj. 

Thionyl fluoride» SOF|, and thionyl bromide, SORr„ have also 
been prepared, but thionyl iodide is unknown. 

Sulphur nitrides and sulphur phosphides,— See pp. 425 and 630. 


Selknium 

Se=78-96. Atomic Number, 34 

History, —It is possible that Aknold of Villanova (early 
fourteenth century?) was the first to notice selenium, since he 
mentions a ‘ red sulphur* attached to llie walls of a chamber in 
which crude sulphur liad been vaporized. The effective discovery 
of the element was, however, made in 1817 by Berzelius, who 
isolated it from the red powder that had collected on the floors of 
a sulphuric acid works. He found that it closely resembled tel¬ 
lurium (q.v.), and was therefore induced to call It selenium, from 
the Greek o^Xijvr), the moon, since tellurium had been named 
from tcUus, the earth. 

Occurrence and Extraction. —Selenium is one of the rarer elements, 
and occurs only in small quantities in ores, usually as the selenide of 
z 
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a motal. Tlie selenium of commerce is therefore extracted from tlir 
deposit which collects during the manufacture of sulphuric acid, 
'[‘here are several methods of extracting the selenium from this 
depijsit. One of the best is to heat the dried deposit in a stream of 
chlorine, when the volatile chlorides of sulphur and selenium arc 
driven off and may ho retained in water. The resulting liquid is 
then filtered and made very strongly acid with hydrogen chlond(\ 
The selenium can then l)e precipitated in the elem^uriary state with 
sulphur dioxide, leaving all the sulphur and tellurium (if any 
]>resent) in solution; though if the solution is not sufficiently add 
the tellurium will come down xs well. It may be purified hj 
dissolving it in hot concentrated sulphuric acid, which converts ii 

to the dioxide SeOj, and prv- 
<*ipi taring the dihitcd solution 
with sulphur dioxjdc. 

Properties. —Selenium occurs in 
throe principal allotropic fornxs, 
whose relations can be followed 
from the diagram. 

1. The vitreous or amorphous 
form is an undercooled licjuicl 
which is precipitated from selen¬ 
ium solutions by reduction, as fn: 
instance with sulphur dioxide. 
Colloidal selenium belongs to 

I'io. 1^0. Tim AicoTKopy of this variety, which, like certnin 

forms of sulphur, is sulnblc in 
carbon disulphide. 

2. A monoclinic variety, also soluble in carbon disulphide, is 
deposited from hot solutions of selenium as small red crystals. 
These melt in the neighbourhood of 170", if rapidly heated, but ai 
this tem])eraturc all forms of the element pass fairly soon into the 
metallic form. 

3. Metallic selenium has the lowest vapour pressure and is con¬ 
sequently the most stable; ail other forms revert to it with 0 velocity 
which can be accelerated by heating. It is a grey cr^^slalline sub¬ 
stance, density 4*8, isomoqihous with tellurium and insoluble in 
carbon disulphide. It melts at 217% ITiis form of the clement 
has some mcluUic characteristics, and among them I lie jx>wer of 
conducting electricity, which though feeble is readily distinguishable 
from the insulating power of such a substance as sulphur. It was 
noticed by VV, Smith in 1873 that the resistance of selenium was 
very markedly affected by illuminating the element. Wlicn sele¬ 
nium is exposed to light the resistance falls, rapidly at first, and then 
more slowly until a constant and much lower value is reached. 
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On removing the illumination the original resistance is recovered 
ratiier more slowly than it was lost. 

The change in resistance cannot be attributed to a change in 
temperature, for the same effect is noticeable if tlic selenium is 
kept under water during exposure. It is supposed that light 
cumulates the expulsion from selenium atoms of the free electrons 
which electrical conductivity is due, and provides the necessary 
( iiorgy; then, in the dark the free electrons, or some proportion of 
ilieni, recombine with jx>sitive it>ns. An alternative but not 
necessarily exclusive theory pc*stulatcs a new alJotropic form ol 
M'lenium, of lower specific resistance, produced by the influence of 
light. Whatever the explanation, this properly of sclcniuin him 
lioon ]>ut to jiracticil 
in phoIoclccI ric 
c'ells, in wliicli a sliort 
thin plate of seleniuTn 
IS C(mnoclod w'ith a 
telay. Such an ap- 
f>aratns can he made 
U) ring an alarm when 
cxpose<l io the Ian- 
lern of a burglar, or 
10 start a lighthouse 
ai dusk and ex- 
linguish it at dawn. 

Ill recent years such 
tolls have also been used in ccitnin forms of sound films an<l of 
iclcvisiuii, and in a new tviK‘ of gramophone m which the record 
consists of a jiorforatcd paper strip. 

Selenium is stable in the air, but bums on strong heating, forming, 
as does sulphur, the dioxide with a little of the trioxidc. Like 
'ull>hur, selenium can be made to combine with almost all elements. 
It is unaffected by hydrogen ions, but is easily oxidized and will 
dissolve in dilute nitric acid as the dioxide, SeO„ or pcrJi£ij)5 as 
selenious acid, HgSeOj. 

When selenium vapour is heated the complexity of the molecules, 
as detenniiied by vajx)urHlensity measurements, is gradually 
reduced from about at al>out to Scg, and at, say, 1400^ the 
change is nearly c(>mj»lctc. 

Hydrogen selenide, H^,Se, made by the union of the elements at 
500® or by the action of water on aluminium selenide, is a colourless 
pciisonous gas with an odour recalling that of hydrogen sulphide. 
It is much less stable than this compound, as is sliown by its reaction 
with sulphur: 



hiG J40 EiaIlci of I xnosiKo Ski.j-njcm io 

i.K.lIT 


H jSe S +Se, 
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and is slowly but completely decomposed into its elements ai 
ordinary temperatures if exposed to sunlight. By moist air it is 
fairly rapidly decom])osed into selenium and water: 

2H jSe+ 0 |=2Se H • 2H2O, 

and in its behaviour on burning it resembles hydrogen suJphidr. 
It is fairly soluble in water, hut the solution deposits selenium n 
ex{)ose<l to the air. With solutions of the salts of most met ids 
hydrogen selenide precipitates iiifsoluble selenides, but the selenides 
ol the alkali*metal$ are soluble in water. In these solutions 
Itydrogen selenide, a very feeble acid, is formed by hydrolysis, and 
unless they are isolated from the air they deposit selenium. 

Selenium dioxide, SeO^, is prepared by burning selenium (a higl 
temperature is requircil), or by evaporating to dryne.ss nitric acid 
in which selenium ht\s b^n dissolved. It Is a colourless solid with 
yellowish-green vjij>our; it sublimes on heating and the vapour 
pressure reaches 700 mm. at 315^ It is much less stable than 
sulphur dioxide and will rea<lily part with its oxygen; it will, for 
example, oxidize ammonia gas to nitrogen: 

3Sc 04+4NH3*=2N2H 3Sed 

In solution, however, it has feeble reducing proj^erties. It is ver\' 
soluble in water, an<l by cautious evaporation of tlie soluti(*n 
selenious acid« H^SeO), caji be prepared, a stable substance also 
produced when (he dioxide is exjwsed to moist air. Selenious acid 
is rather we<ilcer than sulphiuous acid. Selenite solutions, which 
contain the ion ScOj*, are much feebler reducing agents than the 
sulphites. They can be completely oxidized by chlorine but not 
by iodine, while with bromine an e(|ui]ibrium is reached (N.B.- 
Sulphites will reduce ail the halogens): 

ScO/H-Hp |-Br,^ScO/H 2lJ -f zBr'. 

On the other hand concentrated selenic arid will oxidize hydrochloric 
acid to chlorine, so the reaction is really a reversible one. Tlic 
reactions with the analogous sulphur compounds are inlere.'iting. 
Selenium is deposited from selenium dioxide or selenious acid by 
reduction with either sulphur, hydrogen sulphide, or sulphur dioxide: 

SeOt+S=Se 4 H-SO,. 

ILSeOj+alUS-^Sc | -I-2S | 

H,^kOa+2SO’4 H80=Se; 

Selenium triozide, SeOj, has, with difficulty, l>ecn prepared as a 
w^liitc sublimate, by passing aglow discharge through oxygen in the 
presence of selenium, 
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It is a paie yellow solid which reacts with water to loim selenic 
.tcid, and wlien heated to 120® yields the dioxide and oxygen. 

Selenic acid* H,Se04.—Selenates such as KjSe04 can be prepared 
by fusing selenium or a selenite with the nitrate of an alkali-metal, 
or by oxidizing a selenite solution either with chic'rine or electro* 
Ivlically. By acidifying selenate solutions and concentrating them, 
It is possible to prepare crystals of anhydrous sekniic acid. I'hese 
• rystals melt at 61 and, like sulphuric acid, de\elop much heat 
vshen mixed with water. Selenic acid is a far stronger oxidizing 
»gcnt than sulphuric acid, and 1>egins to decom{K)se into selenium 
dioxi<le and oxygen at about 2{)0'\ In its action on organic su!>^ 
slaiu'cs il resenibles sulphuric arid, but it will oxidize hvdn>pen 
chloride to chlorine tind, if hot and concentrated, will also dissolve 
gold, being thereby reduced to sclonious ackl. More energetic 
reducing agents, such as sulphur dioxide, rtxlucc it to s<*leiiiutn. 
The selenates in other respects somewhat resemble the sulphates, 
and there is a striking similarity brlwctm the s^^lubility curves of 
M'rdium selenate and sodium sulphate (p. 130), llie transition- 
temperatures being nearly idcniical. Buiium st^lenalo is insoluble 
in water, but may be distingiiislicd I rum barium sulphate by the 
jKiwer, which it shares with the soluble .selenates, of oxidizing 
liydrochloric Jicid. 

Halides.—These compf>unds roscmiblc the halides ol sulphur, 
though there are imporiant differences, e.g. no <lichloride is known, 
sSelcmum hexafluoride, ScF*. like sulphur hexafluoride, is a stable 
gas. quite unaffected by water, the covalcncy maxiiiuun of 
both elements being six; compiire the chlorides of carbon and 
silicon. Selenium feirajiuoride, Scl*^, is made from selenium 
tetrachloride and silver Quondc. It is a colourless fuming 
]i(juid, melting-point —13®. boiling-point 

Selcmum UlracliUmdc, SeCl4, prepared by union of the elements. 
IS at ordinary temperatures a solid substance which sublimes on 
heating. The vapour pressure reaches 760 nun. at J 0 ®. 


Tei.i urium 

Te—127*61. Aiomte Uumhtr^ 52 

BistoET.—In 1782 VON Reichenstein suspected that the Tran¬ 
sylvanian mineral known as white gold ore {Wei$$goldetz), generally 
supposed to be an alloy of antimony and bismuth, in reality 
contained a hitherto unknown element. This suspicion was con¬ 
firmed by Bergman N. and before the end of the eighteenth century 
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Klapuoth had isol«itcd the elemenl and investigated its principal 
])roperries. The name is derived from tellus^ the earth. 

Occurrence and Extraction.—'Jell uriam is a comparatively ran* 
element which occurs in small quantities in many parts (jf ihi* 
world, among them Rumania. Brazil, and the United States. Tin* 
most imporiunt ore is perhaps bismuth telluride, BigTej,. and 
telluriiun is extracted from the alkaline residue.^ of bismuth on i 
(p. 65O). lliese are dissolved in h5'dn>chloric acid and the tclluriiij)i 
is precipitated in the elementary state by sulphur dioxide, bin 
lellurium, winch is mon' metallic in its behaviour than seleniim*. 
cannot be precipitated from very strongly acid solutions. TLi 
pure element may fibtained: 

(i) P.y reducing the dioxide with hydrogen and distilling tin 
product in hydrogen under reduced pressure. 

(ii) By electrolysis of a soluthm prepared from the dioxide and 
concentrated hydrofluoric acid, with a little sulphuric acid. 

Properties.—Tellurium is a silver-white substana* of metalUr 
apjK.’aranee, with a fairly high melting-point (452"^). It is very 
brittle, and is usually supplied in powder form. By procijnlation 
from acjueous solutions a brown amorphous variety is obtained, 
'fliis is insoluble in all solvents except those with which it reacts, and 
is conviTtcd to the crystalline or metallic variety on heating. The 
vapour appears to be diatomic at all temperatures. Pure telluriuuj 
j)robably does not conduct electricity. 

Tellurium is unaffected by hydrogen ions, but will dissolve in 
oxidizing acids, while caustic potash dissolves it, forming a telluridc 
and a tdlurile (compare sulphur): 

3 Te+f) 0 H'-' 2 Te'+Te 03 '+ 3 lL 0 , 

Hydrogen telloride, Hale, is prepared (i) by the action of dilute 
acids on aluminium teUuride, AljTcj,, itself obtainc'd by union of 
the elements; or (ii) by electrolysing dilute sulphuric acid with a 
tellurium cathode. It b<ii!s at 2*^ and is a highly uiirtable gas, 
decomposing spontanc'ously even in tlic d;irk and rapidly docom- 
lX)sed by air into tellurium and water, lii odour it somewhat 
resembles hydrogen sulphide and selenidc. 

The tellurides resemble the selcnides, but the soluble telhirides— 
i.c. those of the alkaJi-jnetals—arc even less stable in solution than 
the soluble sclenides and arc very readily oxidized with th(' 
precipitation of tellurium. 

Telluriuzn dioxide, TeOg, is formed when tellurium bums in the 
air. and can also be prepared by dissolving tellurium in warm 
dilute nitric acid and evaporating to dryness. It is a white solid 
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which differs from selenium dioxide in being insoluble in water. 
[i will, however, dissolve in adds, and is in fact amphoteric, though 
its basic properties are excessively weak. The salts of tellurium 
arc all cleconiposed by water and can exist only in strongly acid 
solution. Tellarinm sulphate, Te{S04)2, can, however, l>e isolateil 
as a colourless crystalline solid from its solutions in concentrated 
sulphuric ackl. 

Tellurous acid, H^TeOj, cannot be prepared by the action of 
water on the dioxide, but is precipitated when the nitric acid 
solution is poured into water, in which it is not vcr>^ w^luble. The 
lellurites, like the tellurales, usually have more complex ccin¬ 
stitutions than the simple formuUt suggests. They are readily 
reduced to tellurium or oxidized to tcllurates, as lor instance 
hy permanganates. 

Telluric acid, HaTcO*.- I’his compfamd can Ijc prcpaied by 
methods similar to those used for liic preparation of sclenic ark!, 
hut it differs in constitution from scdeiik: or sulphuric acids. It 
Die loUuratcs are formulated as though th<*y were derivi**! from 
H/reO|, it i.s found that they rot.iin two molecules of water of 
rrystallization jw molecule of salt which cuinot bo rctnovod 
without decomposing them. The formula of such a conii>ound as 
HaTe04.2H20 should llicrcf(»rv l>c \vritlon and this 

view is supported by I be existence of organic comiKmnds sur.li as 
TefOCHg), and of salts such ;ls AgcflcOJ. In Group VII the 
adjacent element iodine shows a very siniilar behaviour. 

Like the selcnates, the tellurates arc oxidizing agents which will 
liberate chlorine from hydrogen chloride. Telluric acid is very 
soluble in water: on heating it yields first telluriuiD triozide, TeOj, 
then the dioxide and oxygen. 

Hai.idcs. —The halides of telliirinm, though largely covalent, yet 
show traces of salt-like character, and the tctrahalidcs can exist 
in solution if sufficient acid is present to prevent liydrolysis. They 
arc usually prepared by union of the elements. The hezaflooride, 
TeFg, is decomposed by water. The telralialides are more stable 
than those of selenium, and much more stable than those of sulphur; 
the tetrachloride is a colourless crystalline substance which melts 
at 225^* and can be b<»iJcd without decomposition at 300®. The 
molten salt has a fairly high elect ricjil conductivity. The tetraiodide 
is unaffected by cold water, in which it does not dissolve, though it 
is decomposed on boihng. 
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These elements arc all dt;ns<*, silvery-while, ralher hard iiietal 
with smciU atomic volumes and hi^h nirlling-points. In then 
Cf^in|KiuiKls the transitional character, as denoted by vanai)lr 
valency and by n)lour, is very marked; clirominrn, f<ir instance, 
j)art of the senes ol elements V. Cr, Mu, Fe, Co, Ni in winch tho^c 
properties arc apparent, and the same applies t<i the other elements 
of the snb^Toup. Hie relationship Ixitwwn the transition elem<*nts 
is diRcussed on p. 771. In addition to the group valency of sik, 
well-ddincd valencu'S of two. thrw, four, and live may occur, 
and this makes the cheinistrv of the elements in this subgrouj) a 
comjdiciited study. Tlit^‘ valencies may 1x5 considered in order* 

rtt'/). *-Thc bivalent compounds are all |>o\verful reducing agents, 
as might be exjx'ctcd. They arc all salts showing a tendency to 
associate. 

7 Arfc’.— Chronhum hirms a stable and important series of com¬ 
pounds III which it is tervalent, but with the other elements the 
tervalent compounds are of less importance. The stability of the 
teiA'alcat chromium comiwnnds is probably due to the facility with 
whidi chromium forms complex ions, even in aqueous solutions, 
in which its electro valency is three and its co-ordination number 
six. The hydrated sesquioxide ol chromium is a weak base, so 
the salts arc hydrolysed, and is alone in displaying weak yciclic 
jiropcrties and in forming compounds with bases—the diroinites. 

Only tungsten and uranium form quadrivalent salts 
stable in solution: they are reducing agents easily converted to the 
scxivalcnt state. 

I'tve .—It is prribable that chromium can be quinqucvalent, 
and quinquc\'alent c<mij>ounds of molybdciiuni are well estab¬ 
lished. 

Six .—This is the group valency, and is conspicuous in all the 
elements of this subgroup: the sexivalent compounds are almost 
the only links with Subgroup B. Such are the hcxafluorid<*s, 
formed by all the elements except chromium; they arc all covalent 
compounds decomix^scd by water. All the elements form acidic 
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rnoxides whose acidity diminLshes with increasing atomic number; 
lira mum trioxitle is amphoteric. Py dissolving these trioxides in 
water, acids of formula such as H.»M04 are obtained, but they all 
>liow a tendency, noticeable even in chromium, to form condensed 
nrids of higher molecular weight. The simple salts are often 
Komorj>hoas with the sulphates and stdenates. 

The stability of the h^[lier valencies increases with llie atomic 
iiiiTuber. The oxidizing powers of chromic acid are due to the pre- 
tVrence of chromium lor the lervalcnt state, and arc faintly repro¬ 
duced in molylxlic acid but absent elsewhere. Thus the ignition of 
ammonium dichromate yields the se.squioxidc, but the ignition of 
ammonium diuranate the Irioxide. All the elements form coloured 
peracids of uncertain constitute»n. 

Of the individual elements, chromium is by far the most abundant. 
Molybdenum and tunpjten, like the preening i>airs of elements 
/ircoiiium and hafnium, niobium and tantalum, closely resemble 
('ach other. The complexity of their valency relations and their 
\'ery marked tendency to form c<mdcnscd compounds make their 
clifinistry’ dillirult. I'rnnium is distinguihlic<i by its radioactive 
properties, by the stability of its quadrivalent compounds, and by 
the scries of uranyl salts produced by dissolving the amphoteric 
trioxide in acids. 


Chromium 

Cr“52 0J, Aiomte Numf/er, 24 

History.— ^In 1762-6 LIvllM.^NN described a new mineral called 
crocoite or crocoisitf. In 1797. Vau^uelin showed that it consLsted 
of oxide of lead combined with the oxide of a new metal which he 
proposed to call chromium, on account of its characteristic property 
of forming coloured compounds (Greek colour). He was 

able to isolate the metal in an impure state by the fusion of chromic 
acid with carbon. Purer specimens were made by Devillb in 
1^57. but it was not till 1894 that the reasonably pure element was 
prepared, by Moissan. 

Occomnee and Extraction. —Chromium is a fairly abundant 
element which occurs principally as chromiU, sometimes 

called chrome iron ore, which is found in South Africa, Russia, the 
United States, India, and elsewhere. This mineral is washed, finely 
ground with lime and potassium carbonate, and roasted. Potassium 
chromate is thereby produced: 

4K4C0,+2Cr,0,-t-3O,=4K5CrO4+4C0, f. 

This is a soluble substance which is extracted by water and converted 
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to potassium dichromate, KjCr^O,, \ry adding sulphuric acid and 
rccr}'stailiziiig: 

2 Cr 04 '+ 2 H‘=Crj 0 /+H« 0 . 

'riit* potassium dichromate is then redact'd to a chromite, K^CrgO,, 
by hcaliug with starch ur some other reducing agent, and chrominiD 
S(*si[ui<ixidc in a more or less pore state is obtained from this by 
wubhing, since all soluble chromites are decompcjsed by water: 

KXrA ) ILO-^OjOaH 2KOH. 

Tins chromium sosejuioxide is the source of the metallic chromiun 
of conunerce. Its reduction to the metal can be effected by thr 
usiaal powerful reducing agents, such as carixin or the alkali-metals, 
but only with difliculty, and on the commercial scale of the Goi.u- 
scHMiivr prtH:ess (p. 53^}) is us4‘d, one or two hundredweights of th(’ 
metal being prtKlucc^ from each charge. Since, however, a large 
proportion of the chromium u.scd in industry is for the purpi^se of 
plating, it is simpler to dissolve the dichromatc in sulphuric acid 
and plate direct from this .solution. 

Fioperties.'- Chromium Ls a hard white or greyisli metal. It 
melts at iQuo® and hoik at about 2470'*. It is extremely stable 
in the air. and to this is due its extensive u.se as a plating metal, 
it must be lieati^d to some 2000® licfore it will combine witli 
oxygen; the product is then the scs<{uioxide. 'Hie standard electnidr 
potential {with rrs|xx:t to chromic solutions) is about —0*7 volt, 
but the metal will not diss<ilve in w»itpr, perhaps on account of tln! 
forniulion of a film of oxide, and chromium plating is jxissible if 
the conditions are carefully controlled. It dissolve.s fairly readily 
in acids on warming, forming, if airk excluded, solutions of chromous 
salts, but in oxidizing solutions such as concentrated nitric acid U 
rapidly becomes passive (p. 423). It will, however, reduce hot 
concentrated .sulphuric acid to sulphur dioxide. 

Chroinium is added to steel to make it hard and tough, and 
alloys containing a large percentage of chnmium remain per¬ 
manently bright in moist air; they can be prepared directly from 
)>urifiecl chromite by the thermit process. Alloys of chromium, 
tungsten, and cob*alt a a* extremely hard even at high temperatures, 
and are used in steel-cutting to(»ls. Chromium k also used in 
njckel-chminium resistances (p. Soo), and in plating the bright parts 
of motor cars, bath taps, and other metal articles. Chromium 
plating is usually carried out in a gliLS-S-lined lank with a lead anode, 
using a high current density. ITie electrolyte is a warm concen¬ 
trated solution of chromic acid containing a little sul]>hnric acid. 
Since the chromium coating is slightly porous, the article to be 
plated is first given a coating of nickel. 
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<’hromium Compounhs.—T he salt-forming oxides of chromium 
are the monoxide, CrO, the sesquioxide, Cr^Os, and the irioxidc, ('rOj,. 

'I'he monoxide is a strongly Ixtsic oxide and corresi'>onc]s with 
I In' chromous salts, which arc not noticeably 1 hydrolysed in 
solution, but are very readily oxidized to chromic siilts, even by 
the air. 

TIk* $c$quio\ide is more weakly basic, and the chromic salts are 
hydrolysed in solution. Tlie sesquioxide has also weakly acid 
|inijH*rties, and when fused with bases forms a series of c(>mjH>unds 
< ailed the chromites: 

MgO-f Cr.Oj 

The soluhli' chromites arc, however, dot'omposed by water. 

riie trinyidr is a strongly arida: oxide, and is uide<d chromic 
anhydride. Prom this oxide the ihrouiatcs and dicliroinates arc 
derived. 

A Series of inist.iblu tK*rchroniat<*s is also known, but tlic curro- 
sp(sliding unkU*, if it exists, ha? not U'cu isoUited. 

OxiDliS ANJ; llYDUOXinES. 

Chromium sesquioxide, ( ! he prtqiaration of this eomjvmnd 

from clinmhle lias Ihi*!! dcSiTilx-d: it can Ih‘ prc]sired ni a sttte of 
purity by heating ainnn^iuum dirhromate* 

(MU/iA ! ‘Std 

If once started tlie reaction goes on by Hsclf, and this Ls the ba.sLs 
of the well-known * volcano" experiment, in which a heap of 
ammonium ihchromatc is igiiile<l by a a'd-hot wire thrust into it. 

Chromimn s<*s(juioxide as thus prepared is u vfluminous green 
powclei ins<iluble in water; it has been used as a pigment. It is very 
difficult to reduce, but c-in readily i>c oxidized to a chr(.)matc by 
fusion with a base and an oxidizing agent such as potassium ix-r- 
manganate. Its rate (A solution 111 adds, like that of many other 
metallic oxides, dejicnds on the tcinpcniture to which it has been 
heated, and if It lias been strongly ignited is very snuill. A.ssf)ciated 
wity varying amounts of water, it is i>rc'cipitated as a jelly from 
chromic colutions by alkalts, but dissolves in excess. This is not 
due to the formation of a chromite (which cannot exist in acjiieous 
solution), as can be shown by (iial\"sis, which separates the whole of 
the sesquioxide; the alkaline solutions are in fact colloidal. The 
sesquioxide is also preapitated from such alkaline solutions by 
boiling or even on long standing. If ammonia is added to chromic 
solutions the same precipitate is thrown down, but it dissolves in 
excess of ammonia with a violet colour due to a complex chromium- 
ammonia ion. 
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Chromium dioxide, CrOj» is prepared by heating the hydroxide 
in oxygen; on strong heating it decomposes into the sesquioxide 
and oxygen. It can be precipitated from cold solutions of <i 
chromate and a chromic salt: 

CrO/+2Cr *+2lLO- 3CrO,| +4H‘. 

a reaction which supports the view that it is a compound of the ba^ic 
sesquioxide and the acidic trioxide—CrjO,.CrO|. It is deconipostci 
by boiling water into the sesquioxide and chromic acid: 

Crfi^XrO.,+ H,0-Cr,0,+ HjCr04. 

Chromooa oxide, CrO. is best prepared by warming chromium 
amalgam with dilute nitric acid, which dissolves the mercury and 
oxidues the chromium. It is a black powder which may inflame in 
the air, forming the sesquioxide. Chromous hydroxide, Cr(OH)2. 
cun be precipitated from chromous solutions by alkalis, but the 
oxide cannot be obtained by removing the elements ol water from 
this substance, which loses hy<lrogen on heating: 

2Cr(OII),«CrA+H2 f +H 2 O f. 

Chromium trioxide, CrO,.^Beautiful scarlet needles of this 
substance are precipitated when concentrated sulphuric acid m 
ad<lod to the concentrated solution of a dichromate: 

H^CrA-H ,0 -sCrOj |. 

They are washed witli concciilrated nitric ucid and dried by warmin': 
Tlic trioxide melts at 196® and on stronger heathig is converted hi 
the 5CS(]uioxulc with loss of oxygen. It is very soluble in water, 
forming dichromic acid. H^CrjOy, and in the sobd state or in solution 
is a powerful oxidizing agent. Witli organic substances such as 
j>apcr or alcohol the reaction may be violent. 

Chromic Compounds. —Solution of these compounds, which 
contain tervalent cliromium, may be obtained by dissolving the 
scsf|uioxide in acids, or the metal in acids in the presence of air, or 
by reducing chromate or dichromate solutions with, say, sulphur 
dioxide: 

CrA"+3502+211 =u2Cr" +3S0/+H20. 

These solutions may be green or violet according to the temperature 
and the concentration. They have an add reaction from hydrolysis 
if they contain anions of a strong acid. The varying colours are 
attributed lo the existence of different complex cations in which 
the chromium has a covalcncv of six and is associated with molecules 
of water and sometimes with the acidic element or radical of the 
salt: this will be discussed more fully under chromic chloride. 

Chromic chloride, CrCl^, may be obtained in solution by the 
methods just described. The anhydrous salt is obtained by the 
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action of chlorine on tlje metal at 600®, or by heating? in chlorine a 
jTuxture of the sesquioxide and carbon, or by heating the sesquioxide 
alone in the vapour of sulphur cliloride. It is a violet crystalline 
substance with a liigh melting-point, wliich on healing in the air 
lo^cs chlorine and is converted to the sesquioxide. 

The anhydrous salt will dissolve in water only in the presence of 
small traces of other substances, such as chromous sails. The 
: ill hydrous .substance can be recovered from the solution by 
evaporating lo dryness in a current of hydrogen chlondc. 

Dilute aqueous solutions of chromic chloride are violet, concen- 
irale<l solutions green, though the change from one lorm to the 
•‘•ther is not always rapid. Moreover, precipitation experiments 
with silver scUts show that while the whole of the chloride can be 
immediately precipitated irom the violet solutions, the green 
solutions yield only one-lhird ol their chlorine. Uikkuum suc¬ 
ceeded in isolating from the solutions a third substance, pale green 
ni colour, from whose solutions two-thirds of the chloride could 
he precipitated. The cations present in these solutions are tiicreiore 
formulated: 

(('i(1^.4l!g01* dark green 
ICrCl.slipy pale green 
fCrhlf/)!- viofei 

It is only to l>e expected that dilution should favour the formation 
of the violet form: 

[CrCl,.4H,0) +2H,0;-^[Cr.6H,0/ +2Cr, 

and the reverse cliange tends to take place on heating. All these 
solutions deposit the same chromic hydroxide on treatment with 
alkali. 

Chromic bromide, CrBr<„ shows a somewhat similar behaviour in 
solution, and can be prepared by similar methods. 

Chromic salphate, Cr^fSO,),.—This substance is obtained by 
dissolving chromic hydroxide in hot concentrated sulphuric add 
and allowing the solution (at first green) to stand, when it becomes 
violet and deposits violet crystals of the hydrated sulphate. AU 
the water may be driven off by heating in the air, leaving the 
violet anhydrous compound, readily soluble in water. Solutions 
of chromic sulphate may be either violet or green and may precipitate 
the whole or only a part of the contained sulphate radical on treat¬ 
ment with barium solutions: they undoubtedly owe their peculiar 
properties to complex ions, but the nature of these is still uncertain. 

Potassium chromium sulphate, ' chrome alum,' 

K^S04.Crjj(S04),.24H,0. 

This well-known member of the alum family is a by-product of the 
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manufacture of alizarin, and may be obtained by reducing a solution 
of potassium dichromate in dilute sulphuric add with suli)luii 
dioxide, when it is precipitated in large purple crystals, readih 
soluble in water. Chrome alum is a double and not a coin pie \ 
salt, ;ind its solutions have the peculiarities of solutions of chromic 
sulpliute. 

Chromic sulphide, Cr^Sj, cannot l>c prepared in the wet w'ay, 
the addition of a sufficient concentration of sulphide ions to chromic 
Sf»Iutiuns leads to the predpitation of the hydroxide: 

3S'+6HeO«2Cr(OH), i + 3 W 2 S f. 

This must be carried out in alkaline solution, since in acidsolutiiMi 
tlio sulphide ion concentration is inade(|uate. In the dry way tli^^ 
comfK^und may lx* prepared by heating the sesquioxidc in hydrogen 
sulphide, ov in carbon disulphide vapour. 

Chromic nitrate, Cr(N()^,, has not >>ecn prepared in the anhydrous 
condition, as the hydrates arc decomposed bv heat. Various 
liyclrates can be ])rcpared fr<»m the solution obt«\ined by dissolving 
chromic hydroxide or chromium sesquioxide in nitric acid. 

Chromic carbonates. —Tlic addition of carlwnatc solutions ii> 
chromic solutions leads to the prec.ipiiati<in of light green basic 
carbonates. The anhydrous carbonate has not lieen prcpan*d. 

Chromammines. —Hy treating chromiuni compounds under suit¬ 
able comiitions with ammonia, often in company with ammonium 
chlf>ride, a large Jiumbcr of chromammines can be prepared, 
compiainds containing a complex cation in which the chromium 
atom lia^ a covaleiicy of six and is associated with from one 
six molecules of ammonia. I'lius cJUoropcntammino chromic cJUor^^^t\ 
iCrCl-sNlJall Lj, is prepared by the action of liquid anmioniii 
on anhydrous chromic cWoridc, and by the action t>f a little 
water on this compound, clilQroiUfiwlctrammino chromic chloride. 
[CrCl.HjO^NHjiJCIj, is derived. These compounds strongly recall 
the cabal tanunines (p. 349). 

Chkomoos Compounds. —These are obtained by dissolving 
chromium in acids (e.g. dilute sulphuric acid) in the absence of 
air, but this is an inconvenient method, and the energetic reduction 
of chromic salts is better, Chromous solutions are sky-blue in 
colour and arc not markedly hydrolysed, but are very readily 
oxidized even by the air, since the oxidation potential of the 
change Cr*"->rr** is —0-4 volt. Tliey have been used as powerful 
reducing agents and ior the removal of oxygen from mixtures of 
gases. 

Chromoofl chloride* CrCl^.—^Tlic anhydrous compound, prepared 
by heating anhydrous chromic chloride in hydrogen, is colourless, 
and diSsSolves freely in water to form a blue solution. This is more 
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readily prepared by reducing a solution of potassium dichrornate 
witTi zinc and hydrochloric acid. In preparing chromous solutions 
it is important first to remove all dissolved air from the reagent 
solutions by prolonged boiling or by warming under reduced 
pressure. From concentrated solutions of chromous chloride, 
])rcpaTcd from chromous acetate (see below), the tetrahydrate 
<><.l2.4H,0 can be precipitated with gast'ous hydrogen chloride, 
and on cautious warming in an inert gas this yields llie anhydrous 
tompound. The density of the vajx>ur obtained by hoaUnc this 
substance to a high temperature shows that, even at 1300^, llie 
mean molecular weight is nearly double that required by the 
formula CrClj. 

Chromous acetate, Cr(ClIa.C00)2-H80. — By adding sodium 
Hcelalc to the crude solution of chromous chloride prepared in 
t lie manner just described, it is possible to precipitate this compound 
in red crystals, which by treatment with acids can be use<l for I lie 
preparation of other chromous 

Cniromottf sulphate, CrS04.7lKO, crystallizes as blue crystals 
from solutions which can be prepared by the methods already 
described. 

CiiROMiiUS.—These compounds, analogues of spinel (p. 535), 
cannot l>e jircparcd by dissolving chromium scs<juioxide in caustic 
alkalis, as the solutions thus obtained can be shown by ilia lysis 
to Lie colloidal. The soluble chromites arc decompo.sed by water, 
but stable comjxiunds can Ik prinluced by fusing basic oxides with 
chromium sosquioxide (e.g. magiu«ium chromite, p. 705), or by 
fusing the chloride of the. metal with potassium dichromate and 
extracting the product with concentrated hydrochloric acid, e.g.: 

2BaCl8-|-2K2Cr807=2BaCr804d-4KCl-|-30t t. 

CHUOMA'rES AND DiciiROMATES.— ChromiuTO trioxide dissolves 
freely in water with evolution of heat. Salts are known derived 
from two acids corresponding with this oxide, chromic acid, HgCrO^, 
and dichromic acid, HjCr^O^. T!ic chromates are yellow in solution, 
the dichromates orange, and chromate solutions are slightly 
alkaline while dichromate solutions are slightly acid. The chromates 
are converted to dichromates by the addition of acids, and these 
are reconverted into chromates by alkalis. Neither chromic nor 
dichromic acid can be isolated from solutions of chiomium trioxide, 
for on evaporation to dryness decomposition takes place with loss 
of oxygen, and the final product is the sesquioxide. 

The equilibrium in solution between chromates and dichromaies 
is most naturally represented by the equation: 

2Cr0/+HVCr80/+0H'. 

which explains the action of acids and alkalis and the hydrolysis 
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of the solutions. Careful s|)ectroscopic examination of the solutions 
shows that this is only part of the truth. The predominating ion 
in solutions of dichrariiates is the 6tchromate ion HCrO/, produced 
by hydrolysis: 

CT,0,HHp?^2HCrO/, 

and the rf*chromate ion Cr^O,* is present in large proportion onlv 
in concentrated solutions. Nevertheless the solid dichronialc^ 
contain the ion Cr^O/» and the term ‘ dichromale ' should be 
applied to them, since the prefix ‘ bi-' by long usage indicates an 
acid sail—that is, an acid in which not all the replaceable hydrogen 
has been replaced—such as sodium hydrogen carbonate, ' sodium 
bicarbonate,' NaHCO,. 

In the presence of acids dichromates are powerful oxidizing 
agents, and each dichromate ion fiberutes three atoms of oxygen: 

Cr,0/+8H*»*2Cr *‘+ 4 H, 0+30 

or 2HCrO/+8H‘«^2Cr*‘H-sH^O+sO. 

Dichromates will liberate chlorine Ironi hot concentrated hydro¬ 
chloric acid, and will oxidize bromides, iodides, sulphites, hydrogen 
sul})hide (to sulphur), ferrous salts, and many other reducing 
substances. In the titration of ferrous salts with dichromates 
potassium icrricyanide was iormerly used as external indicator, 
but the discovery that diphenylaminc can be used as an intenial 
indicator has greatly improved the process. 

Oxidation of certain organic compounds—e.g. ethyl alcohol— 
by dichromates is much afiected by Light. 

The chromates are obtained by the oxidation of chromic com¬ 
pounds in the presence of a base, either in the fused state (at these 
temix^ratures the oxidation can be carried out with air) or in solu¬ 
tion. The only soluble chromates are those of the alkali-metals, 
ammonium, and the alkaline-earth metals, including magnesium, 
but with the exception of barium. Since chromic acid is a weak 
acid, many chromates insoluble in water will dissolve in solutions of 
strong acids, which convert them to dichromates. Soluble chromates 
are poisonous. 

Potassium chromate, K2Cr04, is prepared on the large scale by 
fusing chrome iron ore with caustic potash and potassium nitrate 
and extracting the product with water. It is a yellow substance, 
melting at 970® and very soluble m water. 

Potawom dichromate, is prep>ared by roastmg the ore 

with lime and potassium carbonate. The product is extracted with 
water and more potassium is added m the form of sulphate; the 
liquid is then made acid with sulphuric acid and evaporated. The 
resulting potassium dichromate can easily be purified by recrystal- 
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lization, since it is very soluble in hot but not very soluble in 
cold water, and is supplied nearly pure for use in photography. 
It i.s an orange substance, melting at about 400®, which on very 
strong heating yields the chromate, chromium sesquioxidc. and 
oxygen: 

4K2Cr,07=4K,Cr04+2Cr20j+30j f • 

Its solutions are much used in volumetric analysis as oxidizing 
agents, and have certain advantages over {wnnanganates; thus 
they are unchanged on keeping, do not affect rublwr, and can safely 
be used in cold dilute hydrochloric acid. They can be prepared 
from a known weight of pure fused potassium dichrgmato. 

Ammonium dichromate* (NH 4 ) 7 Cr 70 ,. —The decom])osition of 
this substance bv heat has been de.scril)ed (p. 705), 

Sodium chromate and sodium dichromate resemble the potassium 
salts, but are still more soluble in water. The latter salt Ls used 
in tanning leather. 

Barium chromate* KaCr04, is a lemon-yellow substance prepared 
by precipitation: it is almost insoluble in water but freely soluble 
in strong acids. As the chromate of calcium is soluble in 
w.Uer, this substance is used in the separation of barium in 
analysis. 

Lead chromate, PbCr04, occurs in nature as crocoisiu (p. 703), 
and IS prc|>arcd by precipitation as a bright yellow substance 
which, under the name of ' chrome yellow,' is use<l as a pigment. 
It is highly insoluble in water but soluble in acids, and is sometimes 
used in the analysus of lead coni|K>unds. 

Silver chromate* A.g3Cr04. is a brick-red substance prepared by 
precipitation. If a drop of a silver nitrate solution is placed on a 
layer of gelatine containing potassium chromate in solution and 
spread <m a glas.s plate, the precipitate forms in concentric rings 
separated by clear spaces. They are called T.iesegang's rings' 
after their discoverer. The exact explanation of this curious 
experiment has been much debated. 

Potaanum chloiochromate* CrO4.n,0K.—This substance is 
deposited in red-bniwn crystals from solutions of potassium 
dichroinale in warm concentrated hydrochloric acid: 

Cr. 0 /H- 2 HCl=^ 2 Cr 05 Cr-hHj 0 . 


With sulphuric acid it yields chromyl chh»ride, and is mt(‘mirdiale 
between potas^iam chromate and tliat compound: 



-«\c, /'O 



chrovuite chhrochronatc chromvl Moride 
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Chromyl chloridd^ CrOsC 4 *—This substance is prepared by db< 
tilling a dichromate and a chloride with concentrated sulphuric 
acid. The product contains hydrogen chloride and chlorine, frotn 
which it may be freed by one or two further distillations. It mav 
also be prepared by the addition of concentrated sulphuric acid u> 
a well-cooled mixture of chromium trioxide and concentrated 
hydrochloric acid. The chromjd chloride forms a lower layer ajid 
may l>c separated. 

CrO, bsHCUCrOjClj f HjO. 

Chromyl chloride is a heavy liquid, density 1*96, with a splendid 
deep red colour, freezing at —96’^ and boiling without decompositioji 
at ^l7^ It is a purely covalent compound soluble in organic 
liquids such as carli^n tetrachloride; its solutions in these solvents 
are scarcely affected by sexlium in the cold. It is immediately 
decomposed by water \vilh the formation of chromic* and hydro¬ 
chloric acids, bt‘ing indeed the acid dichloride of chromic acid: 

CrO/J,+ HjCr04+2HCl. 

For this rexson it fumes in moist air. It is a powerful oxidising and 
chlorinating agent wliicli has found practical use in organic chemistrv. 
and, if added in the pure state to easily oxidtzablc su1>stances sucli 
as alc<diol or phosj)honis, produces inllammation or explosion. 

Chromyl fluoride, CrO^Pfr is a similar substance obtainc<] by heating 
lead chromate with calcium fluoride and sulphuric acid. The corre¬ 
sponding bromide and iodide are unknown, and this has sug¬ 
gested as a method of separating chlorine from the heavier halogens. 

Perchronuites. —When hydmgcn peroxide is added to an acid 
solution of a dichromate the liquid becomes blue, and the coloured 
compound can be extracted with ether, in which it forms a deep 
blue solution. This is a very sensitive test cither for dichromates 
or for hydrogen j>eroxide. The blue substance is not a ixrchromic 
acid, but an oxide CrO^, winch by the addition of p\'i‘idine is co)i- 
verted into the compound py->Cr05, insoluble in water. From 
this blue solid alkalis relea.se pyridine, but the remaining Cr05 is 
completely decomposed, and no salt is formed- The cc^nstitution of 
the oxide CrO^ is still uncertain, but it is almost certainly a ixToxide. 
From alkaline chromate solutions hydrogen peroxide forms true 
perchrumates, as red solids, MjCrOij. 

Molybdenum 

Mo—95*95. Atomic Number, 42 

History.—Although there is no doubt that molybdenum minerals 
were known even as early as the fourth century B.c., they w'ere 
confused with galena and graphite, and it was not until 1778 that 
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SCHEELii showed that molyhdenUe (MoS^) is a compound of sulphur 
with a metal. The metal itself was isolated by Hjelm in 1782, and 
was called molvlxlenum. 

Occorreiice and ExtractioQ.^MoIybdenum is one of the less 
common metals, but small (quantities of its ores occur in many 
parts of the world. The principal ores are molybdenite, MoSj, 
from Australia, Austria, an(l elsewhere, and wulfeniie (lead molyb¬ 
date), PbMo04, from Austria, Siberia, and the United States. 

Molybdenite is roasted in air, and the trioxicle. MoOj, thus 
obtained is dissolved in ammonia, the product being ammonium 
molybdate, (Nll4)2Mo04. This is purilicd by processes depending 
on the nature of the elements to be eliminated, and is then converted 
to the trioxide, M0O3, by heating. From this substance the metal 
may be prepared by the Goldschmidt process (p. 533). 

^perties.—Molylxlenum is a hard white metal with a very high 
melting-point (about 2O20®). It is added in smaU quantities to 
steel to improve the tensile strength, and is also usc^ in certain 
alloys to increase the magnetic retentivity. On account of its 
resistance to high temperatures, it is us(xl for the filament supports 
of amplifying valves. 

Molybdenum is slowly oxidized when heated in the air, and can 
be l)unicd in oxygen at a red heat. It docs not readily dissolve 
in most acids, but nitric acid of intermediate concentration dissolves 
it without difficulty. 

Oxides and Hydroxides. —Molybdenum sesquioxide, MojO^, 
like chromium sesquioxide, is weakly basic, the dioxide, MoOj, 
probably corrcsjvmds with no series of salts, and the trioxide, 
MoO^, like chromium trioxido, is strongly acidic. 

Uolybdenom sesiliiiozide, Mo^O}, is obtained in the hydrated 
condition by reducing the other oxides or a molybdate solution, 
often with zinc and sulphuric acid. The addition of an alkali to 
the solution precipitates the trihydroxide, Mo(OH)5, as a brown 
powder, and it is doubtful whether the anhydrous oxide can be 
prepared. The hydroxide dissolves in acids to give purple solutions 
of salts such as MoClg or Mo4{S04)j. It is not. however, possible 
to isolate these salts by evaporation of the solution, as hydrolysis 
takes place. 

Molybdenum dioxide, MoOg, may be obtained by gentle oxidation 
of the sesquioxide, or by reducing hydrated molybdenum trioxide 
(molybdic acid), a.s for instance with hydrogen. It is a grey 
substance wliich will nut dissolve in acids, except nitric acid, which 
oxidizes it. 

Molybdenum tanozide, MoOg, is obtained, as already described, 
by roasting the sulphide m air. It may be prepared in a state of 
purity by heating ammonium molyMate, purified by several 
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^ec^ystaUi^ations, first aioiie, then in a stream of oxygen. It n 
a white fine powder like talc, which on very strong heating 
sublimes. It dissolves in water, lorn ling molybdic acid, of whicli 
the simplest formula is H^MoO^, and in alkalis to form molyb(iit^ 
solutions. It may also, if it ha.s not been heated to too high a 
temperature, diss(jlve in acids, yielding molybdenoxyl compouncK 
such as MoO(OH)2C1j with hydnichloric acid, and MoOjS04 with 
sulphuric acid. 

Molybdates .—1 he molylvlic acids form several series of salts 
of great complexity. Solutions of the monomolybdates, which 
j>crhaps contain tlio ion MoO^'. readily yield more highly condensesi 
substatices. Ammonium paramoiyMaU is obtained by evaporatinj.' 
a solution of the trioxidc in ammonia, and has the fumuila 
(NH4)4Mo7024,4ll^0. It is S 4 »liible in water, and the solvilion in 
dilute nitric acid is iis*‘d in the detection of soluble pho.sphates. 
with which a bright yellow precipitate of ammonium phospho- 
molybdate is thrown down. After heating, this compound has 
a composition which may be represented its (NH4)jFOi.i2MoOj. 
From the nitric acid solution of ammonium paramolvbdale there 
separates a white piccipitate of molybdenum trioxide, as.soc)ated 
with varying amounts of water, so the solution should always l)o 
freshly made up when required for analysis. The simple ammonium 
monomolyhdaU, {NH4)jMoO|. may be obtained by eva|)oration of a 
solution of ammonium paramolylxlatc in excess of ammonia. 

Molybdic acid and the molylxlales are weak oxidizing agents 
which will iil)crate iodine from acid iodide solutions, being them¬ 
selves reduced to a moIylKlenuni oxyiodidc, MoO^L in which the 
molybdenum is quinquevalent: 

2 M(> 04 '+ 4 r+ 8 ir^ 2Mo0,l+l4+4ll20. 

Halides. —Molybdenum bexafiuoride, MoFf,. is produced by the 
union of the elements, and may be com|>arcd with the similar 
compounds of tungsten and uranium. It is a W'hitc solid, melting 
at 17®, and is decomposed by water. 

Molybdenum dichlohde, (MoCIs)^. is obtained by beating the tri¬ 
chloride in an inert atmosphere, when the tetrachloride distils off, 
leaving behind a yellow powder, without reducing properties, and of 
aimposition (Mo4Clg)Cl4, the bracketed group being a complex cation, 
whose unique nature has been revealed by X-ray methods. The 
valency of the contained molybdenum Ls uncertain. 

Molybdenum trichloride, MoClj, is obtained in solution by reducing 
a solution of molyMenum trioxide in hydr^>chloric acid. Tlie 
solution is decomposed by boiling. The anhydrous salt may be 
prepared by reducing the pentachloride in hydrogen, but when 
prepared in this way it will not dissolve in water. 
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Molybdenom pentachloride« MoG«, is prepared by the action of 
chlorine on warm molybdenum. It is a deliquescent substance, 
nieitinp at 194® and boiling at 268®; its solutions in water are 
unstable. 

Permolybdates. —The addition of hydrogen peroxide to acid 
?nolybdate solutions produces a yellow colour but no molybdenum 
compound is extracted by ether. 

Molybdenum blue, see p. 717. 


Tungsten 

Atomte Nunther, 74 

History. — Agricola, m the sixteenth century, mentioned a 
mineral called lupi spuma, a name that he derived from the German 
wolfram, i.e. ' wolf*froth ' (FeWOi mixed with MnWOi). From 
a somewhat similar mineral, now known as scheelite {CaWOd, 
Scheele in 1781 obtained lime and a new metallic acid. Two 
years later, the brothers de Elhuyak, possibly acting on Schecle’s 
direction, showed that wolfram contains the same metallic acid 
as scheelite, but associated with iron and manganese instead of 
with calcium. They succeeded in isolatmg the oxide of the new 
inetat, and on reduction with charcoal this yielded tbe metal, 
tungsten. U is likely that Scheele himself independently discovered 
a method of isolating tungsten. perJuips before the Spaniards had 
done so. 

Occurrence and Extraction. — Tungsten is not an abundant 
element: its most important ore is wolframite, a mixture oi the 
isornorphous tungstates of iron and manganese, FeWO| and MnWO^. 
'I'liere are important deposits of this mineral in Russia, Spain, the 
United Stales, and elsewhere. Another important ore is scheelite, 
or calcium tungstate, CaWO^, which is found in tbe Malay Peninsula. 
These minerals are crushcnl and roasted; sorlium carbonate is added 
either before or after the roasting, and the product is extracted 
with water, in which sodium tungstate dissolves while most ot the 
impurities do not. The addition of acids to these solutions pre¬ 
cipitates hydrated tungsten trioxide, WO3, which is washed and 
dried. Tue reduction of this oxide to the metal, though difficult 
is less so than the reduction of the concstx>nding oxides of chrorniuitt 
and molybdenum; it may be carried out either by the thermit 
process, by reduction with carbon, or by electrolysis ol a solution 
ot tungstic add in a fused mixture of alkali-metaJ chlorides 11 
the thermit process is used, an excess ol aluminium must be avoided, 
or some ot it will be found in the product, on whose properties 
it has a deleterious effect. A u.seful tungsten-iron alloy can be 
prepared by the reduction with aluminium powder ot mixed oxides 
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of tungsten and iron. Such alloys, often containing chromium as 
well, are used for cutting-tools, and an alloy of tungsten, cobalt, 
and chromium is used in the manufacture of surgical instruments. 
The principal use of tungsten is, however, the manufacture oi 
filaments for electric-light !)ulbs. 

Tungsien Filaments .—The earliest filaments for use in these 
bulbs were made from carbon. The first inventor to make a lamp 
with a satisfactory metal filament was Auek von Welsbach, whose 
discovery of the incandescent gas-mantle has already been men¬ 
tioned (p. 597), The original metal filaments wore made from the 
rare metal osmium, but they were very fragile, and the high cost 
of osmium (at that lime about £soo per lb.) was a serious disadvan¬ 
tage. The great obstacle to the use of tungsten filaments was the 
difficulty of drawing the metal into wires, for tungsten, as obtained 
by (ill processes except the electrolytic, is a most refractory powder, 
melting at over 3000'', the lughest melting-point of all known 
metalvS except rhenium. The modem process is approximately as 
follows, The powder is compressed into very brittle—indeed fragile 
—bars in a hydraulic press, and the liars are then heated several 
times to 2000® in an electric furnace in an atmosphere of hydrogen. 
After thi.s heat treatment the metal is (airly malleable, but while 
the wire is being drawn h is constantly hammered. The filaments 
produced in this way are very tougli, though they are only about 
one-fortieth of the diameter of a human hair. The emitting fila¬ 
ments of amplifying valves arc usually made from tungsten coated 
with barium oxide, which improves the electron emission. 

Properties. —Tungsten is a hard white metal which will lake a 
high polish. Its me 1 ting-}>oint (3370®) is extremely higli, and it 
is this fact, combined with its indifference to nitrogen at all tem¬ 
peratures, that has led to its use in filaments. Moreover, the 
resistance of a tungsten filament increases with the temperature, 
whereas that of a carbon filament diminishes, so that the current 
through tungsten lamps is much steadier than through carbon 
lamj)S. Mexiem filaments work at so high a temperature {up to 
2500®) that even tungsten tends to vola^ize, but it is found that 
the volatilization can be reduced by fiUing the bulb with nitrogen 
or argon instead of evacuating it. 

Tungsten is oxidized when heated in the air, and will decompose 
steam at a red heat, but it is even less readily dissolved by acids 
than is molybdenum. It can, however, be dissolved by fused 
alkalis or fused oxidizing agents. 

Oxides and Hvdkoxioes. 

Tungsten dioxide, WO^, is prepared by heating the trioxide in 
hydrogen, or by reducing tungstate solutions with zinc and 
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hydrochloric acid. The corresponding hydroxide, W(OH)4, has been 
] prepared by electrolytic reduction of tungsten solutions. Both 
substances are insoluble in water and arc powerful reducing agents. 
They are soluble in some adds and yield reducing solutions whicli 
(untain quadrivalent tungsten salts. 

Blue oxides 0! molybdexinm and tungsten. —It has long been known 
iliat the first product of the gentle reduction of the trioxides of 
TiKilybdcnum or tungsten is often seen as a deep-blue solution or a 
hlue-black solid, easily soluble in water. Simikr blue compounds 
result from the mild oxidation of compounds in lower valencies as 
A penultimate stage in the final formation of the trioxide. Such 
products are founil to contain metal and oxygen in atomic pro¬ 
portions between i : 2*5 and i : 3 and they are ai>pToximately 
represented by a formula M4O,,. As they arc amorphous and 
tiliord no clefinite X-ray pattern their constitution remains obscure. 
It is plausible to assume that these blue oxides are members 
<if a limited range of solid solutions of trioxidc MoO^ and pentoxidc 

Tungsten trioxide» WO^, is obtained, as already described, from 
tungsten ores, and may bc' prepared in a state of purity by strongly 
licating ammonium tungstate in the air. It is a dense yellow jxDwder, 
insoluble in water or acids, but soluble in alkaline solutions to fonn 
the tungstates. It is unchanged by heating to a high temperature 
in the air. 

Tungstic acid and the Tungstates.— Tt/ngs/ic acid is precipitated 
when solutions of the tungstates are acidified; the formula may be 
HjW 04 (yellow), or H4WO4 (white), according to the temperature. 
If these substances arc heated, water is given off and the trioxide 
remains. Tungstic acid resembles molylKlic acid in the formation 
of a large number of condensed salts. Two of the more definite 
classes are the normal tung^itaics, derived from HJWO4, and the 
mctatungslales, M4(H2Wj^045).:rHi(). Tlic nomral tungstates of 
the alkali-metals and magnesium arc soluble in water; the other 
normal tungstates are nearly insoluble. The tungstatc.s have little 
or no oxidizing power. 

Halides. — TiingsteD hexafluoride* WF*. prepared from tung¬ 
sten hexachloride and antimony trifluorido, is colourless, reacts 
with water, and fumes in the air; it boils at 

Tungsten dicbloride is obtained by reduction of the higher 
chlorides, but like the corresponding compound of molybdenum 
probably docs not possess the simple formula. It is a powerful 
reducing agent decomposed by air or water (cf. p. 714). 

Tun^ten trichloride is unknown, but by reducing a solution of a 
tungstate of an alkali-metal with tin and hydrochloric acid a stable 
series of salts such as K^W^Cl^ can be prepared. Concentrated 
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solutions are green, bnt the <Ulute ones arc yellow. These soluth^ns 
contain tcrvalcnt tungsten and arc strong reducing agents. 

Tungsten tetrachlo^e, WCI4, Ls obtained by cautious redactic^ii 
of the higher chlorides vnih hydrogen. It is a brown solid whicl: 
when heated yields the dichlondc and pentachloride, and is decom¬ 
posed by water with formation of Ujc dioxide. 

Tungsten pentachloride* WCI^. is obtained by distilling the tioxa- 
chloride. It is a grey solid. m<*lting at 250® and boiling at 275 , 
and with water yields the blue oxide. 

Tungsten bezachloride* WCle. is the highest chloride of the met^l, 
and is produced by union of the elements in the absence of air. It 
is a violet substance, melting at 275® and boiling at 346". Thr 
density of the vapour shows it to be partially dissociated, probably 
into tlie pentachloride and chlorine. When exposed to moist air 
it forms a volatile oxychloride, WOCI4, and is violently hydrolysed by 
water, yielding finally the hydrated trioxide, WO3. 

Fertungstat^.—These compounds resemble the i^ermolybdalos. 


Uranium 

Us»238*07. Atomic Number, 92 

History*—The discovery of uranium is due to Klaproth, who in 
1789 showed that it was contained in the mineral pitchblende. Tin* 
name x^ranium was given to tlie new metal in commemoration o( 
Hrusciirl's discovery of the planet Uranus a few years earlicT 
(1781). Klaproth believed himself to have isolated metallic 
uranium, but Pkligot (1842) proved that Klaproth's 'uranium' 
was really an oxide, from which the metal could be extracted by 
further reduction. The observation that uranium salts are radio¬ 
active—an obser\'ation that led to the discovery of radium— was 
made by Becquekel in 

Occurrence and Extraction.—Uranium is a scarce element, and 
its ores are also processed for the still scarcer element radium 
(p. 304): uranium itself is required for the modem projects of 
utilizing atomic energy. Tire chief sinirce of uranium and radium is 
now the deposit of pitchblende, containing UaOf,, discovered in 
1930 at the Great Bear Lake in Canada. Before this diwtovcry ttic 
richest known deposits were in the Belgian Congo. The radio¬ 
active relations of uranium have already been described (p. 308). 

The uranium ore is intimately mixed with sodium carbonate 
and heated in a reverberatory furnace. The uranium is now present 
as sodium u ran ate, which can be extracted with dilute sulphuric 
add. At this point the barium and radium separate out as insoluble 
sulphates. Other impurities are precipitated from the solution by 
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I lie adclititm of sodium carbonate, wliich leaves the uranium in 
soiution as sodium uranyl carbonate. This solution is acidified 
and evaporated, and sodium diumiiatc, Na2Uj07.6Hj.0, is obtained 
as a yellovv solid. AUematively the solution may be boiled with 
ammonniin sulphate, which precipitates ammonium diuranale, 
^MH4)2 Uj» 07, from which uranO'Uranic oxide, UjOm. cun be obtaine«i 
by strong healing, 

T!ie preparation of metallic uranium ditficult. Urano-uranic 
Mxide may be reduced with carbon or magnesium or calcium in the 
electric furnace, or uranium tetrachloride, UCI4. may be lieated 
with sodium in a steel bomb. 

Properties. —Me tallic uranium is a fairly Uaul wliitc metal which 
will take a lugli ixilisli. It is malleable, ductile, and has a tnelting- 
I joint (1150“) very much lower than those of tlic other metals 
of tire sub-group (cf. tungsten. 3370"). The metal is much more 
reactive than tungsten. It tarnislu^s in the air and readily 
burns wlicn heated. It liberates hydrogen from dilute acids, and 
precipitates the more electronegutive metals from solutions of 
their salts. 

Oxides and Hydroxides. —The pnncipal oxides ol uranium 
arc the basic uranous oxide, UOj, corresixmding with the urano us 
salts, the intermediate urano-uranic oxxdt, U^O^, with which no 
scries of salts corresponds, and the amphoteric trioxide, UO^. 

Uranous oxidet UO^. is obtained by heating urano^uranic oxide 
in hydrogen, and is a stable substance which may l)e black, brown, 
or red according to the method of preparation employed; the above 
method yields a black product. It may also be prcpai*ed by heating 
.sj>dium nranate with sodium chloride and rharaial, and washing 
soluble impurities from the prinluct with dilute acid. When gently 
heated in the air it takes up oxygen and is converted to urano-uranic 
oxide, but on strong heating the lower oxide is regained. It dis¬ 
solves in acids only with difficulty, but by nitric acid is readily 
converted to uranyl nitrate, U02(N03)2. It Ls a weak reducing 
agent which will precipitate silver from ammoniacal solutions of its 
salts, being itself converted to the trioxide. Vranoua hydroxide, 
U(011)4, precipitated from uranous solutions by alkalis, and 
readily dissolves in acids. It is oxidized by the air, and uranous 
solutions are reducing agents. 

nrano^uranic oxide, UjOr, is found in nature, as already d('scrit)cd, 
hut may be artificially prepart'd by heating either the higher or the 
lower oxides to a moderate temperature in tlic air. It dissolves 
in acids, tliough with reluctance, to form solutions which contain 
both uranous and uranyl salts: 

UgOg+HH'=U*‘‘+2UO2 ‘+4H2O. 
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UTamum triozide« U03, is best obtained by gently heating 
ammonium diuranate: 

(NHJ.DA" 2NH3I i-HsOt 

(romparc ammonium dichrornate). It is a red or yellow siibstanco 
wliich yields urano-uranic oxide on licating. It forms hydratt ^ 
l^Oa.HoO and UO3.2H2O, which may also 1 h.‘ represented as HglH), 
and H4UOS {different forms of uranic and), and dis>olve5 readih 
in alkalis to form iiranatcs. It als<» has weakly basic properties, 
but these are confined to the formation of uninyl sjilts containii i 
the ion UO3’*: 

nOa+2ir«:rUO„‘+H..o. 

Uranic acid and the Uranates. —llic uranic acids are obtained hv 
dissolving tlic trioxulc in water or by the hydrolysis of the uranyl 
coiiijx'iunds, In addition to the normal acid H3UO4, otlier am- 
densed acids exist, but the compound fnan wliich the 

stable diuranates arc derived, is itself unkmiwii. Thc^^e diurnniite- 
are (dten prepared by precipitating a uranyl solution witli a biise' 

2UO3'-I oOH'=D.p/+3irP- 

The uranates arc insoluble m water, even tlwjsc of sodium, pntasslunv 
and ammonium. Tliey are stable sulistances with little or no 
oxididiig action. 

Ufftnyl salts.- -These salts, which contain the ion UOg ’, are pre¬ 
pared by dissolving the trioxide in acids, or by oxidizing solutions 
of uranous salts, e.g. by boiling with nitric acid: 

U*-'-i-O+HgO-UOa 

Such uranyl compounds as the halides, sulphate, or nitrate are 
rea<lily soluble in water, but the solutions arc much h> drolystnl, 
aie strongly acid, and may deposit basic salts or even uranic arid 
on evaporation. 

Halides. —In these compounds uranium shows all vjilencie^ 
from three to six, the highest being seen in tlie hexacMorulc. 
and in the hexafluoride, UF*. This substiuice, together with the 
ieirafluoriJc, Uh'*, is pn)ducc*d by the action of fluorine on the 
pen tael iloridc. It is pale yehow, sublimes at 50^, is decomposed 
by water and chemicaUy reactive. The tetrafluoridc, on the other 
hand, IS an insoluble substance precipitated from uranims solu¬ 
tions by soluble fluorides, and is sometimes used in thi' analysi'^ 
of uranium comix>unds. It has a high nielting“{K>int (about 
1000*’) and api>cars to be a true salt, while the hexafluoride is 
covalent. 
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C(jmIntuition of uranium and clilonne leads to tlie formation of 
till' iclrachloride, UCI4, together with a little of the more volatile 
l>aitachloride, UClj. A heated mixture of the oxide and carlx>n may 
I K‘ substituted for the metal. 'Hie tetrachloride forms beautiful dark 
grt“en crystals, which on strong heating form a red vapour. It is vei y 
<le!i(]uesc(nit and dissolves freely in water. Its soluliem is Iiydrt^Iyscd 
;ind has a strong acid reaction; it is a powerful reducing agent nu 
.iccount of the facility with which it gives rise to uranyl compounds. 

Vtamum irichloride, UCI3, is prepared by riKiucing the telra- 
< hloride with hj^drogen. It dissolves in water to form a red solution 
which has very pmvcrful reducing properties, and slowly deaimp<^scs 
with evolution of hydrogen and formation of the tetrahydroxide. 

Oxyhallde. —Vranyl chloride, UOjClj. is obtained by the action 
of chlorine on urauous oxide. It is a soluble yellow siibfitance 
whose solutions can be prepared without difficulty by the oxidation 
of solutions of the tetrachloride, e.g. with nitric acid. The solution 
is hydrolysed and deposits uranic acid on keeping. 

UranoQi nitrate does not exist, since uranous compounds are 
oxidized by nitric acid, but 

Uranyl nitrate* U0j(N05)2.6H50, which results from attempts to 
prepare it, is a stable substance and the commonest compound of 
uranium. It is prepared from roasted uranium ores by dissolving 
them in nitric acid and rccrystallizing. If required pure, it may be 
obtained from nitric acid and any oxide of uranium. The crystals, 
which are yellow in colour, give out flashes of light when crushed 
or shaken. Uranyl nitrate is extremely soluble in water and 
organic solvents. ITie aqueous solution contains the ions UOj** 
and NO3', but is much hydrolysed; the anhydrous salt can, however, 
be prepared by cautious evaporation of the solution under suitable 
conditions. It decomposes on heating. 

Uranous sulphate* U(S04)j (hydniled), i-s prepared in solution 
from uranous oxide and sulphuric acid, 'fhe anhydrous coni]iound 
is unknown, but there is a lai^c numl>er of hydrates. The solulion.s 
are hydrolysed and are reducing events. 

Uranyl s^phate* U0gS04, is prepared from uranyl nitrate and cbii- 
cent rated sulphuric acid. It is soluble in water, and hydrates arc 
known. 

Uranous carbonate ch>cs not exist, since the liydrogcn ion coiiccn- 
I ration of UTanoiis solutions is snflicient to lihorate carbon dioxide 
from carbonates. 

Uranyl carbonate. —Only basic carbonate's can be j)reeipitatcd 
from uranyl solutions by soluble carlxmates, but (airly stable 
double salts of the normal carbonate with the alkali-metal carbonates 
can be prepiircd. 
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Feniranates.— If liydropcn peroxide is added to a solution of 
uranyi nitrate, an insoluble pale yellow substance with the formula 
UO4.2H2O is precipitated. If the solution is first made alkalinr 
with caustic alkali, a solution h obtaiticd suppost^d to contain a 
peniranate of an alkali-metal. The constitution of tlicsc conipouncL 
is uncertain. 



CHAPTER XXI 

GROUP VII 


FLUORINE, CHLORINE, HROMINE, IODINE, MANGANESE, 

TECHNETIUM, RHENIUM 

r =-19*00: atomic number, 9 Cl «= 3^457; atomic number, ij 

Hr =79*916; ai 07 nic number, 35 I =i26*9i; atomic number, 53 

Mu’--5<1*93; atomic number, 2;i Tc= ( 99 ) J atomic number, 4^ 

Rc=*i8()'3i: atoinic nu^er, 75 

,Mu—Tc—Kc 

r—Cl< 

^Br — I 

This is one of the extreme groups of the periodic table, and the re¬ 
semblance between the subgroups is very slight; it is indeed, confined 
to those compounds in which the elements of Subgroup A display 
flieir group valency of 7. Technetium and rhenium are discoveries of 
fairly recent years, and little is yet known of the former; manganese 
is thus tlic only reasonably abundant n*prcseiitalive of Subgroup A. 
Us resomblanc<’S with the elements of Siibgroup B (and t!ic typical 
elements) arc to be foil ml in the heptoxide and the permanganates, 
riicsc :ire isomorphous with the perchlorates, but the significance 
of tliis similarity can easily be exaggerated, and is diminished by 
the fact that the manganates are isomorphons with the sulphates, 
with whicl) they have no periodic relationship. 

Subgroup B, as might be expected, is closely connected with the 
typical elcmeuls (compare the alkali-metals), wiUi whicli it forms 
a group ol elements called the haioi;cas. 


THE HALOGENS 

'riu^sc elements display a very well-marked gradation of pro¬ 
perties, though both the end rocm!>ers have several jieculiaritics. 
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As tbe atomic number increases the elements become less volatile, 
darker in colour» and chemically less active. The elements nil exi>t 
in stable diatomic molecules whase tendency to dissociate iniu 
atoms on heating increases with the atomic number. Tlie behaviour 
of their compounds is to a large extent controllud by the electroiii* 
potentials of the elements, which are (volts): F, +2*85; Cl, 

Hr, +x*oC5; I, +0*535. Tims each element will displace (rt'i)i 
binary com]K>unclH all elements to the right of it. Fluorine is tiic 
most j)Owerfnl of all oxidizing agents, and with the exception (;f 
electrolysis in the absence of water no method is known of oxidirinu 
llnorides to the element. Chlorine can be displaced from chloric I' 
solutions by strong i»xiduing agents, whereas the liberation m 
b rot nine is easier, and o{ iodine exsier still. The extreme electro- 
negative character of fluorine, ronneclcd with its unit mgativc 
valency and fairly low atomic volume, leads to certain peculiarities 
behaviour which are diMUissi*d with the fluorides (p. 72S}. In 
iodine the electronegative character of the group is so far weakened 
that some tendency to clectn»i>osilivc l>ehaviour appears. Tiie 
halogens can attain the clectionic conliguratioii of die adjaeeni 
inert gas in two ways: iirsl, by absorbing an ^•lecl^on to give thr 
anion X'; secondly, by release of an cU^ctron. lollowed by co-ordm?i- 
tion with a diuior molecule, such xs pyridine. Tho lesult is a catimi, 
(X*S“py)*. Fluorine excepted, all the liaU>gciis form salts of suih 
cations, but those of iodine are the most numerous and the m<'st 
stable. On electrolysis the iodine salth release iodine at the cathode. 
The amphoteric behaviour of hyp<nodous acid (p. 751) is probably 
Ix' explained by assuming that water can to some extent act as donoi to 
stabilize I' xs Among the inorganic compounds of terva- 

Icnt iodine arc louiui a nitrate, I(NO^).,, a perchlorate, j (C104)^.2H„0, 
iuid the oxide l^O^may be written In these bodies the tripo'^i- 

tiv<? cation 1“' may exist, but, at present, in the absence of know 
ledge of their structures, such an xssmnptiou may be preniatui c. 
The hjdrogcu lialides form an equally well-marked scries. Tho 
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abnormality of hydrogen fluoride will be noted, and is undoubtedly 
connected with die association of this substance. As miglit be 
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I'xpected from the heats of formation, the dissociation into hydrogen 
and halogen in the gas phase requires a lower temperature with 
increasing atomic number of the halogen. The solubility of the 
gases in water, ^wnys very high, increases in this order. 

The individuality of the elements conies out most strongly in 
their oxides. In the oxyacids of type HCIO^, fom\cd by all the 
halogens with the exception of fluorine, the order of stability differs 
from that of the hydrogen halides, for iodine will displace bromine 
>r chlorine from the bromales or chlorates, while bromine will 
displac<e chlorine, at least partially, from the chlorates. Chlorine 
and iodine arc the only halogens to form acids of type HCIO4. 
Perchloric acid and its salts arc remarkably stable in solution, wlhle 
the several condensed forms of periodic acid arc characteristic. 

Separation of the Halogens in their Salts.— Fluorides can 
be removed without diihculty by precipitation of the other halides 
with silver nitrate, since silver fluoride is soluble. The other 
halides can be separated in solution by making use of the differences 
la the electrode potentials; they are usually liberated at a silver 
anode with a carefully regulated potential, and arc weighed as 
silver halide. Alternatively chemical meth(Mls may be used, and 
the iodine alone liberated with a ferric solution; the oxidation 
potential Fe’‘'->Fe** is +0-77 volt. From a mixed solution of 
chloride and bromide, bromine alone can be liberated by a per- 
manganate solution of suitable acidity, but for this determination 
the conditions must be carefully watched. Alternatively the two 
halogens may be precipitated as silver halide, which is weighed and 
then heated in a stream of chlorine, to convert all the bromide 
to chloride. The weighing is then repeated. 


Fluorine 

F=; 19*00. Atomic Number, q 

History. —Though hydrofluoric acid was obtained, in an impure 
state, by the action of concentrated sulphuric acid upon fluorspar 
or ‘Blue John' (CaFJ^ ^ early as 1771 (Scheeuc), it was not until 
1810 that Ampere suggested that it might be a compound of hy¬ 
drogen with an unknown dement, fluorine, analogous to chlorine. 
Gay-Lussac and Thf-nard had previously (i8og) carried out a 
thorough investigation of the add. which they believed to be an 
oxide of a new radical; but after Davy (x8io) had shown that 
chlorine is an element, the similarity between hydrochloric acid 
and hydrofluoric acid made it extremely probable that Ampere's 
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sug^^cstion was corrcxt. In spite of great ingenuity and ]>ersev( r- 
aiicc, however, it proved imiwssiblc to isolate fluorine until 18So, 
when Moissan triumphed over severe ex|)erimcntal difficulties. 

Occurrence.—Eluorine is a fairly abundant element, half as 
abundant, pcrha|>s. as diloriiie. The only important fluorim 
anilaining minerals arc fluorspar, culcinm fluoride, CaFg, and tlu* 
less common cryohtc, sodium fliKKiluminate. Na^AlFfl.^ 

Preparation.—Fluorine is the most reactive of all elements, and 
its preparation caused extraordinary difficulty, To this day 10 
chemical reaction, njiart from electrolysis, is known from whici; 
useful cjuantitics of fluorine are liberated, and the attenipt t > 

prepare it by the electrolysis o\ 
ar|ucuus s< 4 utions always loads t 
the evolution of oxygen, whose elec¬ 
trode potential is far below that of 
fluorine. The problem was solved for 
the first time in 188O by the FYcncli 
chemist Moissan, who succeeded in 
preparing fluorine by the electrolysis 
of potassium hydrogen fluoride, 
KHVj, dissolved in anhydrous 
hydrogen fluoride in a pialiiiuin 
a| rparat us with pi a i inum - ir i diu 111 
oleclr<idcs. The rapid modern 
development and utilization of fluor¬ 
ine compounds, especially n[ fluoriii- 
ated hydrocarbons, has slhnulatial 
the large-scale production of fluorim^ 
The electrolyte, which is fluid at loo*^, consists of a mixture of potas¬ 
sium hydrogen fluoride, KHF'^. witli hydrogen fluoride, containing 
40 per cent of the latter. The outer vessel of steel serves also 
as cathode, and * monel metal* is used for the diaphragm, TJie 
ano(le is formed of graphite. Stoppers and other fittings may be 
made of ‘ Teflon/ a solid polymer of pcrfluoroethylcne, (C2F4}„. 
Arrangement is made for the addition of hydrogen fluoride 
as electrolysis proceeds. Hydrogen fluoride contaminating the 
crude gas is removed by passage through towers containing 
sodium fluoride, which is converteil into NaHFj. Fluorine is 
now safely compressed and transported in ' tanks' of nickel or 
' monel metal/ 

Properties.—Fluorine, F^, is a greenish-yoUow gas, lighter in 
colour tlian chlorine; it boils at —188^ and freezes at —223^. It 
has an excessively pungent but otherwise not disagreeable smell, 
and instantly attacks animal tissue, producing severe wounds. 
It reacts with nearly all elements, often with incandescence, in 
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the cold, but not with oxygen, nitrogen, chlorine, or caibon (unless 
!;fie!y divided), though ail forms uf carbon unite with fluorine at 
.1 .sufficiently high temperature. It vigorously attack.^ water, 
iDrming hydrogen fluoride and oxygen with a consiilcrable pro- 
jiurtion of ozone, and also attacks moist ghtss, but if the glass is 
I'cr/cctly dry to reaction takes place. Fluorine will displace 
►xygen, all the halogens, nitrogen, sulphur, or phosphorus from 
iljcir binary compounds, such as the oxides or chlorides. 

Hydrogen fluoride, (HF),.-J’luorine combines with Ijydrogen 
with great violence, even at temperatures at which hotli the 
I loments are liquid, and liydrogeu fluond<* is also prodiic^xl when 
iluorino n<'ts <in organic substances. It is nvjst conveniently 
pic pa rod by the distil laticm of a fluoride, usually calcium fluoride, 
with concentrated sulpliuric acid in a load or platinum appanitas, 
f(jr the acid attacks glass. On the large scale the acid is distilled 
from cast-iron retorts, collec'ted in wAtcT-c<M»Icd lead condensers, 
preserved in lK)tllcs made of ceresme wax. Tty this method it 
obtained as an aqucsius sirhilion containing fluosiliric lu id 
{HgSiFfl) as an imjmrily dcrivisl from silica in the calcium fluoride; 
tliis may be precipitated us the insoluble tx»tussium salt by the 
.uidition of a fittlc caustic jxilusli, and the acid purified by aiiotlier 
<l)stillatioii. 

The anhydrous compomul is most easily prepared by heating 
pot^issium hydrogen fluoride, KHl'., m h platinum apparatus and 
collecting the product in a freezuig-mixture. Water is first re¬ 
moved from the salt by heating it for several hours to 150’. 
Hydrogen fluoride is a coli)urlcss mobile liquid, boiling at uf and 
freezing at —84^. It is an excessively dangerous substance. The 
concentrated or anhydrous acid produces dangerous wounds on 
the skin, and the inhalation of quite small quantities of the vapour 
in the course of laboratory expt'riments has led to permanent k^ss 
of voice and even to death. 

There is every indication that hydrogen fluoride is associated. 
Not only is the boiling-point much higher than would be inferred 
from the lioiling-points of the other hydrogen halides, but the 
vapour density near the boiling-jK)int leads to a molecular weight 
(jf nearly four times the normal, decreasing to little above normal 
at, say, Oo*^. llicse values were determined by weighing a large 
platinum vessel filled with the gas at various temperatures and 
pressures. The ionization of the solutions is of great interest, 
and is distinguislicd fn>m that of the other hydrogen halides by 
the existence of complexes, as revealed by conductivity measure¬ 
ments, conductivity titrations, studies of chemical equilibrium, and 
rather methods. Conductivity measurements in dilute solution 
show that the monomeric acid HF is comparatively weak, with a 
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dissociation-constant of about 7x10^ {25^). More concentrated 
solutions, however, contain considerable quantities of HE.' 

fHFI fFT 

», the equilibrium-constant - .nr 'm ^ the action 

LHr,J 

HF+FVHF/ 


ions. 


being 0*19. Aqueous solutions of the acid therefore contain 
chiefly undissociatod molecules of 11F. with some HF/ and sonn* 
F' ions, as w’cll as some H’ (sec also i>.j(»7). 

Though sucli sails as KIIF, are known, hydrofluoric acid canne t 
properly be termed dibasic, as the normal fluoride is not 
but KF. 

Hydrogen fluoride mixes with water in all proportions: distillation 
yields a constanl-lx)ding mixture containing 3O |m.t cent of xhv 
acid. It is a very active substance which attacks glass, forming 
silicon letralluoridc: 


SiO,+4HF«^^SiF^ f H 2H.,0. 

and is used for marking the graduations on glass apparatus or the 
letters on glass surfaces. Tlic glass is covered with wax, wliicii 
is scraped away where a mark is to l>e made, and is tiicn exposed to 
the vapour for an oj)aqiie mark, or to the s^dulion for a transpareni 
one. The acid dissolves nearly all metals, gold and platinum bein^ 
the principal exceptions. The remarkable solvent powers of thi^ 
acid on metals are due loss to its acid strength, which is indeed 
rather feeble, than to its great tendency to form comjdex nuorkh':> 
with the metal in the anion. Its solvent action on silicates, often 
used in the treatment of silicate nicks (or analysis, is due to the 
stability of the fluosdicutc ion, biFfi". 

Fluokides. —The fluorides may be prepared by the action of 
the acid on the mclal, oxide, hydroxide, or carbonate, but some 
the higher fluorides—e.g. sulphur hexafluoride—require elementary 
fluorine for their preparation, and a low temperature is sometimes 
necessary. Often the fluoride can be obtained from the chloride, 
cither by distillation from a mixture with hydrogen fluoride, oi 
with the help of silver fluoride, which readily forms silver chloride. 

From a majority of elements fluormc evokes, in uncharge<l mole¬ 
cules or in anions, the highest known covalency. Fhrurine is the 
most electronegative element, and quite often the flu<iride of an 
element is an electro valent aimpound while the other halides arc 
largely covalent, e.g. aluminium, mercury (-ic). Consequently 
cations easily discharged from solution—e.g. those of silver or 
mercury {-ous)—often form soluble salts with fluorine as anion, 
when the other halides arc insoluble. The most important covalent 
fluorides are those of boron, carbon, silicon, the halogens, and the 
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liifihcst fluorides of the elements of Groups V and VI {except 
cliromium). The fluorides of the other elements are for the most 
part salt-like in character, if they dissolve in water the solutions 
have an alkaline reaction from liydrolysis. Many of them are 
unchanged by Ijeating in air or oxygen when the other halides 
are converted to oxides or oxyhalkles. Most of the covalent 
Unoridcs are decomposed by water, but this docs not liappen if 
I he covalcncy maximum has Ix^cn reached: thus water decimiposes 
silicon tetrafluoride but not carbon tctralluoridu; tellurium hexa¬ 
fluoride but not sulphur hexafluoride. 

The case with wliich Heinenls display a liigh covalency in com¬ 
bination with fluorine leads to a large nunilicT of complex fltiorides— 
e.y. Ur/. An%'"j SnV'» ZiTV"« Ik*caiis<r the element other than 
fluorine attains maximum covalency, and fluorine is univalent, all 
fluo-aciib, corrcs[)ondmg with such anions, are strong electrolytes, 
contrasting with the weakness of most oxy-acids. 

Oiygen difluoride, Fluorine oadde, h'^O.—It was for many years 
«upj>ose<l that no compound existed between oxygen and fluoritu*, 
l>ut ill 1927 fluorine oxide was prc|«ired by the ck^trolysis of 
lluorkles in piv>c*nce of a lillle moisture. It is now always prepared 
by passing a lino stream of fluorine tliroiigli dilute caustic soda: 

2 F 2 H >LOr^2llFH-1‘/>t. 

It is a coloiirli'ss gas wbiVh at —146* can lx* cond<‘ns<.‘d to a yellow 
1 k]uk 1 freezing at “224'. It K a p)werful oxidizing agent and 
will liberate the lialogeiis ironi halide Mihilions. c.g.: 

UgO^s’i- j 2 i<' 420 ir. 

Tlie gas is slowly decompost'd by exec’ss of alkali: 

KO-I 20H'-2T''4 O 2 \ ^ IRO. 

Another oxide of fluorine, lias Ixxn dcscrilxd. 

FufORiDES OF THE Halogrns.—C hlorine and bromine form tri- 
fluorides, and iodine a penlafluoride and heptafluoride. Chlorine 
monofluoride, CIF, has also been desenbed. It is a gas, boiling-point 
— ioi'\ melting-point —154^. 

Chlorine triflooride, CIR,, obtained by the action of excess of 
fluorine on cl Jorine, is a pale green liquid which boils at 11®, forming 
a colourless gas, and freezes at —83^. 

Bromine trifiuoride, BrF^ is prf'pared by the action of fluorine 
on bromine or potassium bromide: 

KBr-|-2rjs=FK+BrF3. 

It is a yellow liquid, freezing at 9® and boiling at 127®. The vapour 
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has an irritating smell, and the liquid fumes in air and attacks glass. 
It is almost as reactive as fluorine itself: it reacts violently with 
water and converts iodine with incandescence into iodine ptmtu- 
fluorido, IF5, 

Iodine pent&fiuoride* IFg.—This compound is produced wIkh 
fluorine acts on iodine or an iodide, but was flrst prepared by (iokj, 
in 1875 by the action of iodine on silver flur^rido in a platinum vessel, 

5AgFd-3lj=IF4+3AgI. 

It is a heavy colourless fuming liquid, which freezes at—0 6® ami 
lK>ils at 97"^. If strongly heated the vajKDur decomposes into ivs 
elements. Iodine pontafhioride is violently decomposed by water: 

2lF^+6HjO ^2HI05-| loHF. 

and is a highly reactive compound which slowly attacks even clr\ 
gla^^s: with the elements it usually forms a fluoride and eitiier 
iodine or an iodide. 

Iodine heptafluoride, IF7, is a colourless gas obtained by healing 
iodine pentafluoridc with Ihiorinc. On cooling colourless crystnK 
an* formed, which sublime at alx)ut 0®. 


Chlorine 

01—35*457. Atomic Numt>er, 17 

History.—Chlorine was first isolated in 1774 by Schf.rle, who 
prepared it by the action of muriatic acid (HCl) upon pyrohisife 
(M11O2). He regarded the action as a removal of phlogiston from 
the acid, and therefore named the new greenish, gaseous product 
dephlogisiicatcd muriatic acid air. When the phlogiston theory wa.^ 
replaced by the oxygen theory of Lavoisier, clilorine wiis con¬ 
sidered to be a compound of oxygen and muriatic acid; hence it 
was caljed oxymuriaiic acid. In 1810, Davy found it impossible 
to extract oxygen from oxymuriatic acid by any of the numerous 
means that suggested themselves to him, and for this reason 
concluded that it was an element. After consultation with other 
chemists, he proposed to call it chlorine, from the Greek 
chloros, greenisli-yellow. 

Occurrence and Blanulactnre*—Chlorine is an abundant element 
-^the most abundant of the halogens. Most of the chlorine of 
commerce is made from sodium chlonde. Many attempts have 
been made to manufacture chlorine from the calcium chloride 
which is produced in such large quantities as the residue of 
manufacturing processes (p. 442), but these have not, for the 
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most part, been commercially successful. On the commercial 
>cnlc clilorine is made eillier by tl)e electrolysis of brine, or by the 
oxidation of hydrop[en chloride, itself manufactured from salt. 
The former method has already been descril)ed under the heading 
of caustic soda (p. 437). 

I luring the war of 1939-45, when heavy demands wore made on the 
production of chlorine as well as on that of electric jwwcr, non- 
I'lcct roly tic methods for the manufacture of chlorine, such as the 
Deacon process, were revived 

Tlie Deacon process is earned out iit the gas phase on the surface 
of a catalyst, the oxidizing agent lx*iug air: 

4IICI-I O.s 2H5O I zCU. 

'Die oxidation takes place with the ev<ilution of heat, and is there¬ 
fore more nearly complete at low teiniH*niturcs than at high ones, 

]provided that equilibrium is reached. Ihit at low temperatures 
the actiem is very slow, even on the surface of the l>cst available 
catalysts, and conseqtienlly an intermc^diate temj)cratim' is n.'^ed 
cnrTosj)onding with only ixirtial conversion. By using oxvgrn 
instead of air, or by increasing the pressure, better yields could be 
obtained, but these exj^edients have not up to the present been 
found remunerative. The catalyst is cupric chloride, and the 
teTrijMTature u.sed is alwiit 440®, at which the pc'rcentage of hydrogen 
chloride actually oxidized is about bs |)cr cent. As in all similar 
<q>erations, the reaction mixture must l>e carefully purified, or tlie 
catalyst will be poisoned: this is acc<»mplished by washing (he gas 
with sulphuric aritl and passing it throogli dust-collecting plant. 
After pre-heating to ahoiit 220", the ga.K entem the contact chambers, 
wliich are filled with earthenware balls s<iakcd in a concentrated 
solution of cupric chloride and rlricd. On leaving the contact 
chambers the mixed gases meet sprax's of water, wliich wash out 
any unchanged hydrogen chloride, and then contain not more than 
12 percent of chlorine by volume. This dilute chlorine is, however, 
sufficiently concentrated for the manufacture of bleaching powder 
(for which it is usually required) in suitable plant. The successive 
reactions on the catalyst are considered to be as follows: 

(!) 2Cuas^2Curi+ch, (2) 4(:iiaT0,=2Cu20Ci2, 

{3) ( UgOCU+zHCl- 2CUCM H2O4 Clg. 

Chlorine is usually transported in the licpiid state, and liquid 
clilorine is now a common article of commerce. The gas for this 
purpose must be concentrated (Deacon chlorine is unsuitable); 
it i.s dried with concentrated sulphuric acid and liquefied by com¬ 
pression to six atmospheres. The liquid can safely be carried in 
stool cylinders or tank-cars if it is dry. 
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The principal use of chlorine is in the manufacture of bleaching 
powder (p. 496) and hydrochloric acid; it is also used in the manu¬ 
facture of synthetic dyes and in sterilizing water supplies. In the 
war of 1914-18 it was the first poison gas to be used. In the labora¬ 
tory it is used as an oxidizing or chlorinating agent, ajid may In* 
prepared for this purpose by the oxidation of concentrated hydro¬ 
chloric acid. This substance may be heated with manganese 

dioxide: 4Ha+MnOj=Mn‘+2a'+a, f-i-zJl A 

or simply dropped on to solid potassium permanganate: 

ifiHCU 2MnO;=2Mn -I OCr+sO* f -f SH.O. 

Chlorine from thc.se sources may contain traces of oxygen, and 1/ 
gas of the highest purity is required—as for instance for atomic 
weight work—it should bo prepared by healing the chlorides of 
gold ot platinum in a vacuum, or by the electrolysis of pure 
fused silver chloride. The gas may Ik dried with concentrated 
sulphuric acid. 

^opettiei of Chlorine.— 'Chlorine is a greenish-yellow gas with a 
suffocating smell, and is more than twice as dense as air. The inhala¬ 
tion of chlorine diluted with air has liocn rccommendc'd as a cure for 
catarrh. Chlorine can be liquefied without difficulty at room tenijHTa- 
ture by compressing it to some six atmospheres. It is not very 
soluble in water: at 15^ and atmospheric pressure a saturated 
aqueous solution contains about 8 gm. of chlorine per litre. By 
cooling such solutions to a low lemperaturc crystals of chlorine 
hydrate are olHajned, the formula of w'hicli has been variously given 
as CI2.7ILO, Cb.SHjO, and Cl^ioHjO. These crj'stals decom}K>se 
when allowed to regain room temperature. 

Chlorine is a highly reactive substance which combines with 
most metals to form chlorides, often with incandescence (e.g. 
antimony or aluminium). Among other metals, platinum, gold, 
and mercury are all attacked. It combines with hydrogen in 
ihe light (p. 273), but mixtures of the two gases can be kept 
indefinitely in the dark. A jet of chlorine will burn in hydrogen 
and vice versa. Tlie affinity of chlorine for oxygen, on tlie other 
hand, is slight, and direct combination cannot be effected. 

Chlorifie Water .—Solutions of chlorine in water have the pro¬ 
perties of hydrochloric and hypochlorous acids, produced as follows: 

C4-hHgO^HCH-HC10. 

The equilibrium was investigated by Jakowkin by two methods: 

(i) The concentration of the acids can be determined by con¬ 
ductivity methods, since it is reasonable to suppose that 
molecules of chlorine do not conduct the current. 
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(li) The partition of chlorine can be measured between water 
and carbon tetrachloriile, a liquid which extracts only 
iie^digible concentrations of hydrochloric or hypochlorous 
acids from aqueous solution. Tlie hydrolysis causes variation 
in the partition-ratio, and the degree of hydrolysis can be 
calculated from the observed ratio. A solution containing 
about 4 gm. per litre at o® is about 30 per cent hydrolysed: 
the degree of hydrolysis increases with the temperature. 
The hydrolysis is entirclv reversible, and if the solution is 
made strongly acid, chlorine 15 evolved. 

The least volatile constituent of chlorine water is the hydrochloric 
acid, and this substance a lone remains behind as a dilute s<‘>iuti(>u wlieii 
chlorine water is boiled for some lime. If ex|H»sc'd to light, chlorine 
water is also unstable at lower tein|)eralures, and evolves o.sygen: 

2a,+ 2JI/)-^0, t+4HCI. 

but if the solution is concentrated, some chU»ric acid may also be pro¬ 
duced by deconipc^sition of the unstable stibstance hypochlorous acid: 

8HC10 jfinOa ! OlICH Ogt- 

The bleaching |K>wens of luoisl chlorine arc due to the hypochlorous 
acid which it produces in contact with water. Many coloured 
substances, such as nuligo, can l>e converted by moist chlorine iu 
colourless o.xidation-prfMlucts. TTie oxidking power of chlorine is 
a necessary oonsoqucnce of its afliiiity lor hydrogen; llius it will 
oxidi/,e gaseous ammonia to nitrogen: 

SNHai-^CU.-Nj-f 6NH4CI. 

Tiie reaction is accompanied bv a vivid red Rash, easily visible if 
it is carried out in the dark. If, however, the reaction is carried 
out in warm aqueous solution and the chlorine is in excess, the 
product is chiefly nitrogen trichloride (p. 423): 

NHj-l 3Cl.j===^Naj+3HCl. 

Chlorine will also combine with sc\*oial oxides to fonn oxychlorides 
—e.g. with nitric oxide or sulphur dioxide. 'I he oxidking powers 
of chlorine arc frequently used in the laboratory, as for the con¬ 
version of feiTous to ferric salts or thaUous to thallic, and the 
solvent action of aqua regia on gold is partly due to the chlorine 
which it contains. Chlorine will react with many organic sub¬ 
stances, particularly those rich in hydrogen, liberating hydrogen 
chloride; warm turpentine, for instance, will catch fire if placed in 
the gas, burning with a red flame and emitting clouds of carbon. 

Hydrogen chloride, HCl.—This substance is manufactured on 
a very large scale in the salt-cake processes already described 
(p, 451). Nowadays, however, it is also often produced by the 
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combustion of chlorine in an atmosphere of hydrogen. Both theso 
gases are by-products of the electrolysis of brine for the manu¬ 
facture of caustic soda (p. 437). and the choice of method is chiefly 
controlled by the cost of electric power in the neighbourhood. 
The net result of the electrolysis of brine is then: 

Na(:i+H, 0 =NaOH-|-HCl 

the exact reverse of the neutralization of an acid by a base. The 

gas is always al>sorbcd in water, in which 
it is extremely soluble, and is sold in lar,T<- 
glass carlwys; the concentrated acid 
commerce contains about i part of hydro¬ 
gen chloride in 2 parts of water by weight. 
The principal industrial use of hydro¬ 
chloric acid is for the preparation of 
chlorine; in the laboratory it is used for 
this and many other purp<ise.s. 

Crude commercial acid contains ferric 
chloride, from iron containers, wliich gives 
it a yellow colour, and may also contain 
sulphur dioxide, .sulphuric acid, and arsenic 
chloride. Electrolytic acid is, however. 
wry pure. It may be boiled with a little 
|>ennanganatc, to exptrl ;uiy bromine or 
iodine, and once distille<l, only the niidtllc 
portion l>cing retained; it is then sufficiently 
pure for all purjx)ses. In the labijratory 
pure hydrogen chloride can l)0 prej^ared 
by dropping concentrated sul])huric acid 
on to pure concentrated hydrcKhloric acid: 
l ie 143 The Fohntais developed fiom the sulphuric acid 

lixi'KRiMiiNT jg sufficient to expel a steady 

Stream of the gas, which should be dried 
with concentrated sulphuric acid, 'liie direct combination of 
hydrogen and chlorine has already been discussed (p. 273}. 

Hydrogen cldoride is a colourless gas with a very pungent taste 
and smell; it is rather denser than air. It is exceedingly soluble in 
water, as is sometimes demonstrated with the help the well- 
known ' fountain ' experiment. The flask, fitted as in the diagram, 
is filled with the gas and inverted over water in which the straight 
tube is immersed. \Mjen the tap is opened, the gas iu tlie flask 
<iissolves and water rushes up I he tube until nearly the whole of the 
flask is full. Suction on the side-tube may be necessary to start the 
flow, but once water has entered the flask nearly all the gas dissolves 
in it, and the resulting reduction of pressure causes the flask to fill. 
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At 25®, 100 gm. of a solution saturated with hydrogen chloride 
at atmospheric pressure contain about 41 gm. of hydrogen chloride. 
The addition of either water to hydrogen cliloride or vice versa 
lowers the vapour pressure, and the solution witli the lowest 
vapour pressure—and therefore the highest boiling-point—contains 
20*24 per cent hydrogen chloride. When solutions of hydrogen 
chloride are distilled, this constant-boiling solution therefore remains 
in the retort, a fact made use of in the preparation of solutions of 
standard acidity (p. 170). This solution 
boils at 110^. 

If concentrated hydrochloric acid is 
ronlinwl, as in I lie diagram, in an atmo¬ 
sphere saturated with water-vapour, the 
liydrogcn chloride lca\nng the acid forms, 
with the water-vapour in the air, a dilute 
acid with a vapour pressure lower than 
that of either tlic concentrated acid 
water. This acid therefore condenses in 
fumes, and this happens whenever the Hvnwociiu>iuc Acri> 
concentrated acid is exposed to moist air, 

I’hrco hydrates of hyiltogen chloride an* kiujwn. They have the 
formulae HCl.HjO, HCl.aHjO, and Ht'l.^lLO, and can be obtained 
a.s colourless crystals by cooling solutions oi suitable concentration. 
Solutions of hydrogen chlori<le do not even approximately olx'V 
IfitNUY's law. The partial prc'ssurt* of the gas over its liilute 
solutions is exceedingly small, and at a concentration of five times 
molar is only a quarter of a millimetre of mercury (25'’), so that 
dilute solutions of hydrogen chloride can be boiled without appre¬ 
ciable loss of acid. In very cj)iicciitrate<l .s^dutions the partial 
pressure increases very rapidly with the con rent rat ion. The 
existence of any partial pressure of hydrogen chloride molecules 
over its dilute aqueous solutions show.> that the dissociation of the 
add cannot be absoltUcly complete, since some uiidissociatcd mole¬ 
cules must l)e present in the liquid phase to maintain the distribu¬ 
tion-ratio, but the minuteness of the pressure shows this proj^ortion 
to be exceedingly small. Similar conclusions are reached as the 
result of distribution measurements on hydrogen chloride between 
water and solvents, such as benzene or nitrobenzene, in which it is 
freely soluble but from which it is almost wholly extracted by 
water (p. 184). In these solvents, as in air, hydrogen chloride is 
undissociated; in a well-known lecture experiment it is shown that 
a solution of dry hydrogen chloride in dry toluene will neither 
decompose marble nor produce a precipitate with a toluene solution 
of silver nitrate. The presence of a hydroxyl group in the solvent 
appears to be necessary for the ionization of this compound. Its 

A 
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solutions in the lower alcohols at least are fully ionized, as is shown 
by conductivity meHsurements. 

An examinntion of the properties of pure hydrogen chloridt* 
leaves no doubt that it is a covalent comjx)und. Tlie pure liquid is 
very volatUe (boiling-point —83®), and conducts electricity nn 
l>ctter than pure water: it dissolves in indifferent solvents such as 
benzene, and these solutions are not ionized. When dissolved in 
water hydrogen chloride shows a remarkalile change in propiTt es 
and becomes an acid. The anhydrous substance has none ot 1 !h 
properties of an acid and this term should bo rigorously rescrvtjd 
for its solutions in water. There can be little doubt that the Iru. 
reason of the change is the s<i1vati<m of the ions, and probably tlji 
co-ordinal ion of the hydn»gcn km with water or hydroxyl-conlairiiii;' 
molecules: 

HCI + (f» hfdlLOc^H jiHgO+Cr.wH.O. 

This chemical 0fleet is considered to be more important than the 
purely electrical effect, partly on account of the exjHTinienis on 
alcoholic solutions already described (p. 15^). and partly l)e(:aus< 
nitrobenzene dot's not ionize hydrogen chloride, although possess*'rI 
of a higher dielectric constant than ethyl alcolu»l, which docs. 

Hydrogen chloride can Ik oxidized to chlorine by oxygen at n 
moderate tcmporuturc and in the presence a catalyst. At room 
temperature tlie action: 

4HCM-Oi-^2a^+2H,0, 

has a positive affinity, but takes place extremely slowly, H, 
liowevcr, a mixture of moist hydrogen chloride and o.vygen is 
exp^)scd to light it is possible to detect a trace of chlorine in th^ 
mixture. Even when a catalyst is used it is, however, necessary 
to use a much higher temperature to secure a reasonable reaction 
velocity. Hydrogen chlori<le reacts with many of the metals, 
either in the cold or on heating, producing hydrogen and the 
chloride of the metal. If the metal has more than one chloride, 
the lowest is naturally produced: 

Fe+2HCMFca54 H*. 

Chlorides. —Chlorides may be prepared in solution: 

(i) By the action of hydrochloric acid on a metal, or on the 
oxide, hydroxide, or carbonate. 

(iij By direct combination: this usually produces the highest 
chloride if the chlorine is in excess. 

(iii) By the action of hydrogen chloride on the element: this 
usually produces a lower chloride, if there is t>ne. 

(iv) By acting on the oxide or sulphide with chlorine, sulphur 
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chluride, or carbon letrachloride. It is sometimes necessary 
to mix the oxide with carlwn, and it must nearly always be 
heated. This method can bo used onl}' for chlorides volatile 
at the tcnijierature of the expicriment. 
iv) Chk»ridos can also be made by acting on bromides or iodides, 
cither in the drv state or in solution, with clilorine. 


Chlorides may be either covalent or elect rovalent, the first class 
r(»rn!>pon<iing with tlie non-mctuls and the second with the metals, 
hill there are many compounds of inlcmiediate type and the 
rliissitication ls not rigid. '11 le elect rovalcm chlorides arc usually 
colourless solids soluble in w*itcr, but silver, lead, mercurous, 
cuprous, aurolls, and tInUlous chlorides are insoluble or slightly 
soUibio: many of these arc the chlorulesof metals easily precipitated 
as luvtal from solutions of then salts. 

covalent chlorides arc nearly all decomposed by water, 
thong It carbon tetrachloride is an exception (p. 578). It has been 
pointed <Jiit by Sii>gwku< lhai hydr<jlysis of cJjlondcs can take 
place in two ways, according to whether the water acLs as donor 
or acceptor. In llie first the products are hydrochloric acid and 
a hydroxide; this is sliowii hy the chloride oi such uii acceptor 
clement as boron; 


Ba^+ H,0 




3Hci + b(oh;^ 


With the chloride of a donor element such os nitrogen, however, 
hypochluious acid mav b<* formed: 

:a 

■■ 

NOj+HjO — a-N-^H\0-H; — 3HaO + NH, Etc. 

Cl 


OxiOFS OF ('iiLOKiNK.—'Ihc* oxitlvs <if cliloriue iudude tlic 
monoxide Cl^O, the dioxide CKX. and the heptoxido ('-UO,. 

Chlorine monoxide^ CTeO.—'riiis compound is produced by the 
gentle oxidation of chlorine with mercuric oxide, 'i’he reaction is 
carried out at room teinjiorature, and the mercuric oxide nuLst btt 
prepared by precipitation and ignition. The chlorine monoxide is 
removed from the gas stream which leaves the reaction ves.sctl by 
passage through a freezing-mixture at —20®. The other product 
is a yellowish-brown oxychloride of mercury: 

2Hg0+2Cl,-Hga0C!,+a,0. 
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Chlorine monoxide is a heavy gas with a colour and smell some* 
what resembling those of clilorinc. It can be condensed to a brow n 
liijuid boiling at 2®. It is very soluble in water, with which it form- 
hypochlorous acid, and is, in fact, h}rpochlorous anhydride: 

CI,0+H20=2HCI0. 

It is an unstable substance which may decompose spontaneously, 
and oxidizes many substances, such as paper or phosphorus, willi 
inflammation and sometimes w'ith explosion. Chlorine monoxicK' 
differs from chlorine in its much greater solubility in water and *11 
not reacting with mercury, over which it can be collected. 

Chlorine dioxide* CIO*.—This dangerous compound is evolved 
when a cold mixture of p<^tas.sium chlorate arid concentrated 
sulphuric acid is gently warmed to 30^-40®: 

3HCI0«: HC104+IL0+2C10, t • 

The sulphuric acid may with advantage be replaced by crystallized 
oxalic acid and a little water; this method is safer. The product 
contains some carbon dioxide, but this can be removed by cundensinf^ 
the chlorine dioxide in a freezing-mi.xture. 

Chlorine dioxide is a heavy orange gas, with a peculiar smell, 
which can be condensed to a liquid at It is freely soluble in 
water. The gas is highly explosive, particularly in the presence 
of oxidizable substances, so cork, rubber, or paper even in the 
smallest quantities must be avoided in its preparation. The gas or 
its solutions arc stable in the dark, but if exposed to sunlight the gas 
may detonate for no apparent reason, and the solution decomfxisc'^ 
with the formation of chlorine, oxygen, cliloric and {jcrchloric aci<ls. 
C'hlorine dioxide is a powerful oxidizing and bleaching agent, and, 
dilute d with air to ' safe' pro|X)rtion 5 , is used in treating flour, in 
place of the harmful * a gene,* NCt.^, formerly so employed. 

Chlorizie heptoxide* CI2O7.—This substance is perchloric :inhydri Je. 
It w'as first made (1900) by distillation of a mixture of anhydnuis 
j>erchloric acid and j>hosphorus pentoxide whicli had stood for u 
day in a freezing-mixture: 

2HC104-H80=C407. 

It is a colourless volatile liquid, boiling at 82®, wliich slowly decom¬ 
poses. Its preparation is sometimes attended by violent detona¬ 
tions. When mixed with water it forms ixTchloric acid, but the 
reaction is quiet. 

OxY ACIDS OF Chlorine and their Salts.—^T he oxyacids of 
chlorine are hypochlorous acid, HCIO; chlorous acid, HClOg; chloric 
acidy HCIO3; and perchloric acid, HC104. 

Hypochlorous acid, HCIO, exists only in aqueous solution. Such 
solutions are prepared by leading chlorine monoxide into water, 
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more simply, by generating it from chlorine and mercuric oxide 
in a flask containing a little water. It can also be prepared by 
mixing a weak, non-volatile acid, such as boric acid, witli excess 
of bleaching powder and distilling ofl the hypochlorous acid, mixed 
with water, under reduced pressure; or by passing chlorine into a 
cold carbonate solution and distilling as belt ire: 

Cl,+Hj 0 H-C 03 "=Ha 0 +HC 0 /+CI\ 

Ihe two last methods of preparation depend on the very feeble 
acidity of the substance, which alh>ws it to be distilled from only 
faintly acid solutions at low temperatures. 

Solutions of hypochhirons acid are j)ale yellow and smdl of 
chlorine monoxide, though the proportion of the gjis y>resent at 
equilibrium is very small. They (Jc'comtKise slowly in the dark 
and rapidly in the light, the principal products l>eing hydrochloric 
acid an<i oxygen. With most iixidiring agents, mutual reduction 
takes place and oxygen is liberated: thus with hydrogen peroxide: 

Hj>(\-|->lCIO-UCI-hHp+Oj f. 

Hypochlorous acid is a piwcrftil oxidising agent which will liberate 
nitrogen from ammonium s'lUs: 

2NH4+3H(‘KK-3ilCH 

When mixed with hydnx:hloric acid and warmed, it libt*rates twice 
as much chlorine a.s it itself contains: 

lIClO+HCl^Clj t +H/). 

Hypochlorites.—Wlicn chlorine is passed into cold caustic alkali, 
a mixture of chloride and hypochlorite is pn«luced: 

Qj l 20H'=-CI'H-( lO'H HjO. 

If caustic soda is used, most of the sodium chloride separates out, 
and in this way concentrated solutions of s<Kiium hypochlorite in 
caustic st>da can be obtained fiom which crystals of hydrated sodium 
hypochlorite, probably NaClO.yllgO, arc precipitated «at low 
temperatures. Hyj>ochlorite solutions are fairly stable in the 
dark, particularly if alkaline, liut if heated they decompose into 
chloride and chlorate (see further, p. 740): 

3fio'=ao3' 12cr. 

The preparation and properties of bleaching powder have already 
been described (p. 40b). Large quanliiies of hypiichlorite solutions 
for bleaching purposes are now made by electrolysing brine, and 
this has injured the blcaching-jxiwder industry. 

Chlorous acid* HC10s« and the Chlorites. -^Chlorous acid is the 
least stable of the oxyacids of chlorine, and can be prepared only 



740 THEORETICAL AND INORGANIC CHEMISTRY 

with diiliculty even in dilute aqueous solution, though the chlorites 
are comi^aratively stable. Barxum chinrite, Ba(C102)2, can be made 
by passing cWorine dioxide into susq^isioiis of barium dioxide; 

2C10^+Ba08=Ba(Cl0t)j+02 f • 

By treating this substance with dilute sulphuric acid it is possible 
to obtain «i solution of chlorous acid. It is a powerful oxidizing 
agent, like hy])orhlorous acid, but unlike that substance is a strong 
acid. Solutions of the chlorites are not hydrolysed, and possiblv' 
owe their stability as compared with the hypochlorites to this 
circumstance, as both of the acids arc highly unstable. Thi 
chlorites can be obtained from solutions of chlorous acid or barium 
chlorite: they are usually colourless substances soluble in water. 
On heating they readily decoiniMise into chlorate and chK>iidc: 

3ao/«zcio,M cr. 

Chloric acid, HCIO^, and the Chlorates. —Chlorate solutions are 
prepared by the acti<^n of chlorine on Itoi alkaline solutions; 

3CU+60ir=CI0,'+5Cr+3>l20. 

In spite of the chloride pn>duccd al the same tunc, the whole 
oxidizing power ol the chU»riiic is proervetl in the chlorate This 
process is worked on a large scale, according to two mcthiMls; in 
one chlorine is led into hot milk ol lime, and in the other hot cliloj idt^ 
solutions are electrolyses! without a diaphragm. 

The product of the hrst process is neutralized, mixuti with 
excess of polassinm chloride, ami arlilicially cooled to a low tem¬ 
perature, when a mixture of potasjuum chloride and clilnrnlc is 
procipilutod. Nearly pure potas.siuni chlorate is obtained from it 
by recrystallizatitui, since the solubility of this substance rises 
very steeply with the temperature. 

The preparation of chlorate by the electrolysis of brine requires 
careful regulation of (he conditions. If a diaphragm is listed, the 
products arc chlorine at the anode, and hydrogen and caustic soda 
at the cathode. If, however, the anode and cathode liquids are 
mixed, the chlorine is not given off, but is absorbed by the hydroxide 
with the formation of hypochlorite. At about and in conditions 
of carefully controlled slight acidity, when both the weak hypO' 
chlorous acid and its anion co-exist, clilorate is rapidly formed by 
the successive reactions: 

Hao+cio'^ciOi'+Hd-cr, 

HCIO -l-cio.' ^ClOa' +H' +t:r. 

Loss of hypochlorite by reduction at the cathode is prevented by 
the presence of a small amount of chromate, from which by reduction 
a protective film is formed on the electrode. 
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Sodium or potassium chlorate is used in the manufacture of 
matches and explosives and as an oxidizing agent in the preparation 
of ch estiiffs and other organic compounds. 

Solutions of chloric acid am obtained by precipitating well-cooled 
solutions of bariiun chhiratc with sulphuric acid and filtering. The 
arid cannot be prepared in the pure state, and decomposes, if the 
solutions arc concentrated beyond a certmn point, into chlorine, 
oxygen. ]>erchloric acid, and other substances. Chlorates are 
usually obtaitied from potassium chlorate or by dotjble decomposi¬ 
tion from barium chlorate or silver chlorate, all of these substances 
being M^lublc in water. Chloric acid solutions are v<^llowish in 
colour and smell something like nitric acid. They slowly decompose 
on keeping, though if all impurities arc absent the solutions arc 
stable. Chloric acid is a strong electrolyte, and chlorate solutions 
show no signs ol hydrolysis. 

When chlorates are strongly heated the hiuil residue is usually 
i. chloride, e,(T.: jKril),- iKCHsO.t, 


a reaction uacd in the common laboratory preparation ol oxygen, 
hut certain chlorates, such as those of mugnosiuin and aluininhun, 
lose chlorine imd oxygen on lira ting and yield an oxide: 

2Mg(C103)j« t 4 50j t • 

An intermediate stage in < 1 rcoinj>osilums ol the first kind is the 
fr)nnation of pt*rch)oralcs, which are stabler tlian chlorates. The 
chlorates and chloric acid are fairly powerful oxidizing agents which 
arc (Ircuinposcd when heated wilh concentrated hydrochloric acid 
furnishing some chlc^rine dioxide in addition to the chlorine shown 
in the equation; 

cio^'+scr+oir-aciz 14 311*0, 

The oxidizing power of solid chlorates is still more apparent, and a 
mixture of potassium chlorate with sulphur, phosphorus, sugar or 
any other easily oxidizable subslauce is liable to explode. Dilute 
solutions of potassium chlorate are used as disinfectants, especially 
for gargling. Tlic preparation and properties of this substance 
have already been described (p. 44H). 

Perchloric acid, HCIO4, and the Perchlorates. —The first stage in 
the decomposition of sodium or pota.ssium chlorate by heat is the 
formation of a perchlorate, which then decomposes into a ciiloride 
and oxygen: 

4NaCI03:=3NaC104+NaCI and NaCl04^NaCl+20* t • 

Perchlorate solutions can be prepared by the oxidation of chlorate 
solutions, though very powerful oxidizing agents, such as persul- 
phates, are required for the purpose. The oxidation is therefore 
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most readily carried out clectrol3rtically, and this is accomplished 
on the manufacturing scale. The starting-point is a concenlratc<l 
solution of sodium chlorate, which is electrolysed at a temperature 
below 10° with iron cathodes and platinum anodes (high oxygen 
over-voltage). The energy efficiency is 85 per cent, and the process 
is carried nearly to completion, when the solution is mixed with 
potassium chloride, which precipitates the nearly insoluble potas¬ 
sium perchlorate (p. 449). It is used in explosives, as it is safer 
than iKitassium chlorate and contains more oxygen. 

Aqueous solutions of |.>erchloric acid cun be prepared from baiiui.i 
perchlorate .'^nd sulphuric acid or from sodium perchlorate anc' 
concent nil e<l hydrochloric acid, in which sodium chloride b only 
slightly soluide, Almost (he whole of the hydrochloric acid can 
be expelled by heating the lilt rate nearly to boiling. The anhydrous 
acid is prepared by distilling a mixture of ix>tassium perchloraU* 
and concentrated sulphuric acid under reduced pressure. The 
product contains some hydrogen chloride and chlorine dioxide, 
which can be* expclle*d by blowing air through it. It is a coiourlc.^s 
volatile liquid which fumes in moist air and decompost'S on heating, 
though it can l)c distilled under reduced |>ressurc at about 20 . 
The freezing-point is -112°. The liquid cannot exist at its boiling- 
point, but the constant-boiling mixture with water, which con tains 
72 ]>er cent perchloric acid and can be distilled uncliangcd, boils 
at 203°. Anhydrous perchloric acid is a dangerous substance 
which bums the skin, violeutly oxidizes most organic substances, 
and is liable to spontaneous explosion. 

Aqueous solutions ol the acid, on the contrary, are not only 
j)erfectly safe but can be kept indefinitely without change in 
composition. The strongest solution supplied to the laboratory 
contains 60 jx^r cent of the acid. Several solid hydrates of perchloric 
acid can be obtained by cooling solutions of suitable concentratifm. 
Perchloric acid is the most stable of all the oxyacids of ( hlorinc, 
and is a powerful oxidizing agent only when in concentrated solution 
or anhydrous, whereas hypochlorous and chloric acids are too 
unstable to exist in the absence of water. Metals liberate hydrogen 
from dilute solutions of the acid, and these solutions have no 
bleaching power, nor will perchloric acid oxidize hydrochloric acid. 
It will however oxidize titanous solutions, and perchlorate solutions 
can he estimated volumelrically with the help of this reagent. A 
zinc-copper coii]>le will reduce ciilorate solutions to chlorides while 
leaving perchlorates unaffected: tliis is used in analysis. 

Perchloric acid is not only fully dissociated in aqueous solution, 
but appears In preserve its ionization in non-aqueous solvents 
better than any acid hitherto investigated, and may be called the 
strongest of known acids. In ether, hydrogen perchlorate is about 
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a hundred times as much dissociated as hydrogen chloride, and 
perchlorates are often more definitely electro valent than the chlorides 
of the same metal. Thus aluminium perchlorate can be obtained 
by evaporation of its aqueous solutions, a process which hydrolyses 
aluminium chloride, and a further example is afforded by the 
(,(UTes}X)nding compounds of mercury (p. 5x3). The perchlorate ion 
IS very slightly solvated in hydroxy lie solvents, for its mobility in 
water is higher than that of the chloride or chlorate ions, while in 
methyl alcohol it moves faster than any ion yet examined with Ihc 
single exception of the hydrogen lou. 

Tlie percMoratez are usually cok»urless compounds soluble in 
water, but the perchlorates ol ]>otassium, caesium, and rubidium 
arc nearly insoluble in coki water, though fully soluble in hoi 
water. As .sodium pcrclilonile is highly soluble at all tcmpcratuics, 
the rccrystallination of potavsium fxTchlorate provides un excellent 
method for preparing potassium compounds free from sodium. 
This salt is also widely u.sc<l in the gnivimctric estimation of 
potassium salts. At 10' a litre o( a saturated solution of 
)potassium perchlorate contains alxnit ii gnu, but this <|uantity 
can V;c much reduced by Uic addition of alcohol to the solution. 
Kike all perchlorale.s, the ivitassium salt on strong healing 
decoinix>$cs into a chloride and oxygen. 


Pkomine 

y^r=» 79*910. Afo/ntc Number, 33 

History.—Upon passing chlorine through * bittern * (i.e. the 
mother-liquor left after the raTystallizalkm of salt from sea-water), 
Bai.ard (182O) noticed tlic formation ot a brownish-yellow' colora¬ 
tion. By evaporating I he bittern to dryness, and heal iug the residue 
with manganese dioxide aivl c<>nccnirateil sulphuric acid, lie was 
able to collect a dark reddish-br<iwn liquid witti a powerful and 
]'>ungent smell. This liquid was recognized to be an aiialngun of 
fluorine, chlorine, and kxline, and was called bromme (Greek 
jSgoj^or, bromos, a stench). 

By an unlucky chance, Likiug had failed to pay much attention 
to a specimen of a dark red liquul sent to him from a salt factory 
ill Germany in 1820. Believnng it to lie merely iodine chloride, 
he missed his opportunity of discovering an important new clement. 
for the liquid was bromine. 

Occurrence and Hanofacture.—Though very much k*s5 common 
than chlorine, bromine is a comjiarativcly abundant element which 
occurs in combination with the alkali- and alkaiine-earth metals 
in sea-water, in miiiura) deposits and in certain spring waters. 
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Most of the bromine of commerce is prepared from the liquors 
remaining aflcr the crystallization of potassium chloride from 
carnaUitc, though some is prepared in America from Ohio springs. 
An electrolytic methtid is now in use. The electrolysis is carried 
out in diaphragm cells and the bromine collects in the liquid ol 
the anode compartment. The diflcicnce between the standard 
electrode potentials of chlorine and bromine is 0*29 volt, wliich 
allows nearly all the hromme to be liberated first from a chloride- 
bromide solution. The bnmiinc is recovered by boiling the solutioi^ 
and IS collected in water-cooled condensers. 

In the older process the bromine was expelled by passing chlorine 
from a cylinder through the bromide solution while it trick hid 
ihrougli a tower filled with glass l>alls or provided with plates and 
bubblers. Any chlorine or bromine remaining in the liquid a fie? 
this trcalnient was exjx'llod with steam and recovered. The 
bromine was condensed by passing the va{x>urs through a water- 
cooled coih and chlorine, tf^etlier with any uncondensed bromine, 
was then absorbed by moist iron filings. 

In America, bromine is extracted from sea-water, winch contains 
about 0*007 cent of (he clement in the form of the bromine ion, 
\ir\ On passing chlorine into sea-water, tiie bromine is libera led: 

CUf2Br'=r2Cr-+Hr2. 

Sea-water is, however, slightly alkaline (pHs--7‘2), hence much ot 
the bromine is hydrolyso<l to hromale (or hy|K)bromile) and bromiilv 

3 Hr.+ 3 HP‘v^bH H 5 Hr -i BKV; 

and since chlorine will not displace bromine from a Inornate or 
hyi>obr(mhte, considerable loss of bromine results. 

By adding sufficient sulplniric acid to the se.'i-water (about 1 lb. 
of acid to 4 tons of water), the pH can be lowered to 3*5, aiid a( tins 
value the hydrolysis of the bromine is negligible. 

The acidified sea-water, after treatment with chlorine, trickles 
down towers up which a current of air passes. This blows out the 
bromine as vapour, and carries it on to further towers in which it is 
removed by sodium carboiuatc solution: 

3Brj.+3C0/=^5Br'+BrO3'+3C0.. 

I'he solution of sodium bnimidc and bromate is treated with sul¬ 
phuric acid to liberate the bromine, which vaporizes on heating 
and is condensed and ci»llected. 

The bromine prepared by these methods contains chlorine, from 
which it is freed at the factory by the addition of ferrous bromide 
followed by distillation. If perfectly pure bromine is required, 
the commercial product should be w'ashed with water, dissolved in 
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a concentrated solution of pota.sMum bromide, precipitated by 
dilution with water, separate, dried with quicklime followed by 
phosphorus pent oxide, and distilled in a current of carbon 
dioxide. 

In the laljoratury bromine may be prepared by heating bromides 
with manganese dioxide and sulphuric acid. The preparation of 
exactly mciisured quantities of bromine for analytical work is most 
accurately accomplisheil by the additiuu of acids to standard 
bromatc solutions in the presence of excess of bromide: 

lirO,'+5BrM bH «^3Hr,+3HA 

Hrinninc is used in the synthesis ol dyestuffs and other organic 
cotn])ounds and in the preparation of antUknock |x;tn)l. In (he 
laboratory it is used iu analysis au<l as a mild oxidi 7 dng agent. 

Properties* ^Bromine is a dense liquid (density 3*2}, in colour 
dark red-brown, and with a very pungent snffiH;;iting odour: it is 
one of the few elements hquitl at roc;ju tcm{>cratijre. It l)oils at 
5^^, emitting a heavy red-brown vajiour, and freezes at —7®. The 
vapmr has the normal molecular weight, and even at 1000® the 
duvsocialion into bromine atom.s amounts to only 4 \kt cent. 

Bromine is not very soluble in water: a litre of a solution saturated 
at room icmperatiiie contains aUiut 37 gm. of the element. At 
low tCTUjKTatures rod crystals ot brurnmo hydrate, Br2.ioH30 or 
perhaps 8H^O, may be obtained. The Mdutions have* a slightly 
acid reaction from hydro)ysi>, but this ls much less noticeable than 
with chlorine water. Bromine dissolves much more readily in 
such solvents a.s chloroform or carbon tcliachlondc tlian in water, 
and can be extracted from its aqueous solutions by these solvents. 
Tlic solutions arc very dark in colour. It is also rea<lily soluble 
in bromide, and to a h*s^ degree in chh»ride, solutions, forming 
complex ions ClBr^' and Br^'. liion line is much less active than 
chlorine, but combines diieclly with stweral elements such as 
potassium or aluminium. Hydrogen and bromine can Iw mixed 
without reaction in the brightest sunlight {ji. 273). but react when 
heated. 

Hydrogen bromide, HBr.—Since this <x>mjM>und. like hydrogen 
iodide, is easily oxidized by hot am centra ted sulphuric acid, it 
cannot conveniently be prepared by the action of this substance 
on a bromide. It is pnjpara! by the hydrolysis of phosphorus 
tribromide: 

PBrs+ 3 H, 0 - 3 HBr f +Hl> 0 ( 011 ),. 

In practice, bromine is dropped on to a mixture ot red phosphorus 
and water. The reaction t^es place, with a slight luminescence, 
in the cold, and the gas evolved is passed over moist red phosphorus 
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to free it from bromine, and collected over mercury. It can also 
be prc]>arcd by the action of bromine on cold benzene containini^ 
a little aluminium powder as halofjen carrier: 

f 4 C0H5.Br. 

A more convenient metliod of preparing hydrogen bromide is to 
heat potassium bromide with syrupy phosphoric acid: 

KBr-f-HaPO,^ KH,P044 HBr f . 

The gas obtained by tlicsc mclluHls may be dricil with anhydrous 
calcium bromide. It is a heavy colourless gas, freezing at —82 
and lx>iling at —67*^, and is exceedingly soluble in water. Tli<^ 
solution, winch is called liydrobromic acid, resembles hydrochloric 
acid, and is fully dissociated (the discussion of the ionization of 
hydrochloric acid applies also to this substance). Several liydrates 
can Ih) isolated by cooling the solutions. The constant-boiling 
mixture with water biuls at 125"^, and contains about 47 j)cr cent 
hydrogen bromide. Hydrogen bromide is very slowly oxidized 
by moist oxygen at room temj>rraturc. 

Bromides. —These may be pn pared by methods similar to th<’ 
first throe methods proposed for the chlorides (p. 736), or by the 
action of bromine on an kxlide. They resemble the chlorides in 
their properties, but are usually, though not always. iCSS volatile: 
very often the melting- and boiling-points lie between those of the 
corrcsjxjnding chloride and iodide. 

Oxides. —Bromine was for many years considered to be one o[ 
(he very few elements which form no oxide. It has, however, 
recentl)' been proved that unstable oxides are produced by the 
action of ozone on bromine vapour IxjIow 0® C. See also ji. 374. 

Ox YA Cl ns AND THEIR SALTS .—Hvpobfomous add, HBrO, and 
bromic acid, HBrO^, arc known, and pcThaps bromoits acid, HBr02, 
e.xists, but neither |Krbromic acid nor a perbromale has been 
prt* pared. 

Hypobromooa acid, HIJrO.—Bromine readily dissolves in cold 
alkaline solutions, forming first a yellow solution of mixed bromide 
and hypobromite: 

Br2+20H' =^ 13 r' 4 -BrO' +H2O. 

Solutions of the acid can be prepared by shaking bromine water 
witli tlie oxides of silver or mercury, and pTirifiod by distillation: 
tlie bromine distils first and may be rejected. Hyiwbromous acid 
has never been isolated, and its solutions, wliich are pale yellow, 
are unstable; they cannot be concentrated without decomposition. 
Solutions of hypobromites are powerful oxidizing agents used in 
organic chemistry to oxidize ammonium compounds, amines, urea, 
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etc., to nitrogen (and are nearly always prepared for this purpose 
from brominf and caustic soda): 

2 NH/+ 3 BrO'«^N, t+3H20+3ltr'+2H. 

It is surprising to find that alkaline hypobromile solutions are 
rather stronger oxidizing agents than hypochlorites. This is 
perhaps because hj^wbromous acid, a weaker acid than hypo- 
chlorous acid, is fonned in larger quantities by hydrolysis even of 
alkaline solutions of its salts. 

Bromic acid, HBrOs.^lf large quantities of bromine are added 
to concentrated caustic potash solutions, even in the cold, there is 
a precipitate of potassium bromate, which is not very soluble in 
cold water, and can easily be purified by recrystalhzation: 

3Br8+60H'=Br0; + 5Rr'+ zHfi. 

It can also be prepared by passing chlorine into an alkaline solution 
of potassinin bromide, bromine being substituted for chlorine in 
the chlorate which would be pn^luced in the absence of the bromide: 

Br'-fClOa'-^HrOa'+Cr. 

It is best prepared from bromides by electrolysis. Solutions 
of bromic acid are prepared from solutions of barium bromate and 
sulphuric acid: the barium bromate is precipitated by mixing 
bcaling saturated solutions of jHitassium bromate and barium 
acetate. Like chloric acid, bromic acid has never been isolated 
in the pure state, and its solutions decompose on heating. They 
are stronger oxidizing agents than solutions of either chloric or 
iodic acid, and will convert many organic substances into carlx)n 
dioxide and water, and rapidly oxidize sulphur to sulphuric acid. 

When the bromates are heated they lose oxygen at fairly low 
temperatures and are converted to biomides, though the bromates 
of elements such as aluminium, which have a great affinity for 
oxygen, may yield a lit lie oxide on ignition. There is no sign of 
an intennediate formation of perbromate. In solution bromates 
will oxidize any of the halogen adds, though the hydrochloric acid 
must be concentrated and none of the reactions is instantaneous, e.g.: 

aBrOa'+ioIM i2H‘-^ Br2H“5lt+6H80. 

The reaction between bromates and bromides: 

BrOa'+ 5 Br'+ 6 H‘=^ 3 Br.,-f 3 HjO, 

which takes place in add solution, is used in the preparation of 
standard bromine solutions, and it is important to remember 
that in dilute solution it proceeds rather slowly. 
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Iodine 

I = Alfimic Number. 53 

History. —In j8i2 h French saltpetre manufacturer, Courtois 
found that on adding amcenfrated sulphuric acid to tlie mothi* 
li(juor (jf the s<xlium carUmatc extracted from the ashes of seaweed, 
a black powder wiis precipitated, which on healing was ton vet ted 
into a violet vafM)ur. CV*urtois sent Sf»mc ot his new substance U> 
Gay-Lussac, who made a thorough hivesti^fation of k and shower 1 

that it was an element similar m manv respect* 
to chlorine, lie called it iodine, from the 
violet €oli>ur of its vajwur (Greek ioeiBiji), and 
succeed I e<l in preparing hydrii)dic acid, HI, 
Iniin it. Sir Humphry Davy, who was passing 
lluougli Paris at the time, also made inv(?sli- 
gal urns on the new element, a s]X!cimen ol 
which was given fo him by AmpOre, and 
< onfinncd Gay-Lussac s resull.s. 

Occuirence and Extraction.— lodme is a rare 
element, but small quantities of iodides occui 
in sca-watcr and in various mineral deposits, 
Small quantities are found in sea plants, and 
loilinc was formerly recovered from them bv 
burning large piles of seaweed and extracting 
the piitassium iodide from the ash. The pro¬ 
cess is still worked on a small scale in Ja]>an, 
but practically all the iodine of commerce is 
extracted tmm Chile saltpetre or caliclu 
{f>. 450}, whicli contains about 0*2 p<‘r cent of 
u)dine as sodium iodate, NalO,. Tliis remain* 
111 the mother - liquors left over from the 
crystalligation of the s<xlluin nitrate, and 
these liquors may contain as much as 20 per 
cent of the iodate. 'ITiey are mixed with a solution of sodium 
hydrogen sulphite, which precipitates iodine: 

2lO/-^3H + 5 HS(V«^Is ‘1 + 5 HSO/+H 2 O. 

The iodine is washed, pressed, and purihed by sublimation. Com¬ 
mercial iodine may con tain water, free or combined chlorine or 
bromine, and iodine cyanide. These impurities can be removed 
by grinding it finely with fresh lime (to remove water) ajid a little 
potassium iodide (to retain other halogens), and resubliming it as 
shown in the diagram. The mixture is placed in the bottom of a 
beaker and heated by a small fiamc. while the upper part of the 
vessel is filled with a specially shaped condenser fuU of water 
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slightly above laboratory lempcrature. The iodine condenses in 
beaut ilul crystals which can readily be detached from the tube by 
filling it with cold water: they are finely ground and kepi in iin 
urigrensed desiccator o\’cr concent rated sulphuric acid. 

The world production of iodine, free and combined, is about two 
Thousand tons ]x:r annum, of which some 09 per cent is used in 
medicine. In recent years it has Ix^cn discovered that a small 
qnrujtity ol iodine in the Ixxly is essential to health, and lliat some 
diseases arc due to iodine deficiency—goitre, for instance, can bo 
certainly prevented by doses of iodides. The thyroid gland prcMluces 
an i<Kline compound (thyroxtn) whicli it circulates thnuigh tlie body, 
mvl iodine preparations are given with excellent effect to backward 
riiikircn; wiiile fowls dosed with iodine lay more eggs and cattle 
produce more milk. If given to marcs, um lino is said to increusi' the 
proproption of twins in their offspring. A tincture of iodine is als<» 
used as an antiseptic, 

In the lalx>ratory UKliiie is very widely used in analysis. The 
reversible change electronSv^iP is ea.sily carried out without 
disturbing side-reactions (the standard electrode iv)lential is onlv 
I*0*54 volt), and more than one n*action is available tor the esti¬ 
mation of iodine solutions, nf which the thiosulphate titration is 
the most imjxjrtanl. More<»vtT. the sinalk^st quantity of iodine 
can l>e detected with the help of the <lark blue coiiijkhiiuI which 
the free element produces with siarrli. and this has liclped in 
‘ iodimolrv ' and ' lodtnneliv,' fis i<Kline titrations arc calleti. 

Properties.—Iodine i.s a bluish-black crystaihno solid of density 
4 9, meiling at 114^ and Ixiiling at 183®. The va{x>ur has an 
intense pur})le colour bv which it can exsily be idcntifiwl. At low 
temperatures the vajK>ur <iensity corresponds with the (onnula 
Ij, liut at high tcnijieratures dissociation begins, and reaches 50 
per cent at about ^50®, loduie lias a very sharp taste and a faint 
smell recalling that of chlorine; it is only very slightly soluble in 
water, to which, however, it gives a very distinct brown colour. 
A saturated wJulion at 25® contains only some 0*34 gm. per litre. 
Iodine is, h^^wever, much more soluble in solutions of chlorides, 
bromides, or i<wiidcs {the solubility increiises in that order), forming 
complex ions such as 13' or ClI^': the investigation of these solutions 
(first carried out by Jakowkin) has already been fully described 
(p. 200). Tho chemical properties of the tri-iodide ion are those 
of a mixtuii* ijf iodide ions and iodine. 

Iodine dissolves in certain organic solvents, sudi as carbon 
disulphide, carbon tetrachloride, benzene, or alcohol, much more 
freely than it does in water, and it can be almost coinplet cly extracted 
from its aqueous solutions by shaking with such of these solvents 
as are immiscible with water. The solutions are very deeply 
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coloured; thus a solution in carbon tetrachloride saturated at room 
temperature, and containing only about 20 gm. iodine per litre, 
is opaque even in thin layers and appears quite black. This is 
made use of in iodine titrations. A little carbon letracliloride is 
shaken with the titration mixture and loses its pink colour only 
when the last of the free icKline has been removed. This method is 
more sensitive than the use of starch. 

Non-aqueous solutions of iodine ciui be divided into two classes 
according to colour: brown solutions are afforded by the alcohols, 
ethers, esters, fatty acids, or ketones, violet ones by carbon tetra¬ 
chloride, chloroform, carbon disulphide, or hydrocarbons. It will 
be noticed that the first clxss of solvents contains those with o.xygcn 
in the nvdecule, and which caji act as clonors. while I lie second cUs-« 
cr>ntains only indifferent liquids; it is therefore .su])fK>si*d that in 
1I10 brown solutions UKline is combined with the solvent, but in th(‘ 
violet solutions exists as fre<‘ molecules. There is some expen- 
metdal evidence for this view, on which tlic cryoscopic method, 
wliich depends only on the conconlration of s<)lufe particles, can 
cast no light: 

(i) The violet colour of the solutions is the same as that ot 
iodine vapour, and is almost independent of the nature of 
the solvent: this is not true of the brown colour. 

(ii) There is some tendency on the part of the brown soluti(‘ns 
to become violet on heating. 

There is other evidence which poinLs in the same direction. 

The tincture of iodine used for medicinal purposes is a solution of 
iodine and potassium iodide in dilute alcohol 

Iodine is the least active of the halogens, and is somewhat inert 
towards the non-metals, but it combines directly with most of the 
metals, often with incandescence. A waim mixture of aluminium 
powder and iodine is fairly stable, but if a drop of water is added 
to the mixture vigorous combination takes place, with red flames 
and copious evolution of fumes from the unchanged iodine. 
Apart from such examples of direct combination, the inorganic 
reactions of icKline in solution can mostly be classified as: i. 
Reductions to iodide. 2. Oxidations to hypoiodile, usually followed 
by further changes. 3. Simultaneous oxidation and reduction. 

I. Reduction to iodide .—This can take place, according to the 
conditions, either by the acquisition of electrons or by the 
liberation of oxygen atoms from water: 

Ij+2 electrons->‘2r or Ij-f Hj0-^2r+2H’H-0. 

The first change is scaicely affected by alterations in the acidity 
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of (he solution, whereas the second goes best in weakly alkaline 
solution, and may be reversed if the solution is strongly acid. 
J£xamplcs arc the reactions of iodine solutions with thiosulphate 
and with arsenites: 

i^+ 2 SA"«" 2 r+S 40 .". Ij+H 20+AsOa'"=-2rH- 2 H*+aso/". 

The action with thiosulphates lakes place under any conditions oi 
acidity, whereas the arsenite reaction needs careful control, and will 
not reach completion unless measures are taken to prevent an 
increase in the hydrogen ion concent rut ion. On the other hand 
strongly alkaline solutions lead 1<» the formation of hypoioditc 
and must equally be avoided. The reaction am be carried out 
with success if sodium hydrogen carlwnate is added to the solution 
asahufler. lh)thrcactionsarecxtcnfiivdyust‘<linvoliimotriranalysis. 

2. Oxidation to hypoiodttc,-- Hypoiodous acid is the first pro<Uict 
<fi the oxidation ol iodine: 

IylH,0-h 0-^21110, 

hut it is an unstable substance (see below), and Ls seldom found in 
the ftnal product. Thus when iodine is boiled with nitric acid 
of suitable concentration it isqiianlitativfly converted to iodic acid: 

2la-i 2 H 2 O+ 10 O—4!1K)3. 

3. Simuiiancorts Oxidation and Reduction.—Vhis takes place when 
upline dissolves in solutions of caustic alkali, the first products 
being an iodide and hypoiodous acid: 

j^4 OH'^HIO I r. 

I'A’cn in alkaline solution tlic very weak electrolyte hypoiodous 
acid soon decomposes into iodate and iodide: 

3HIO->3H-MO/+2r. 

but tins ran be avoided, to some extent at least, by using a solution 
with a very low liydroxjd ion concentration, e.g. a suspension of 
mercuric oxide. Tliis indeed is Ihc best method of preparing a 
solution of hypoiodous acid; the mercuric iodide is removed by 
filtration: 

2lo+HgO+Hp- Uglj j +2HIO. 

In spite of its instability hypoiodous acid is the key to much ot 
the solution chemistry of iodine, and its methods ot decompf>sition 
must be furlliei exaniinecl. 

It differs from the analogoiLS compounds ot chlonne and bromine 
in being amphoteric: it is simultaneously hyjx^iodous acid and 
iodine hydroxide. Consequently it can decompose in more than 
one way: 
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(i) In alkaline solutions it yields an iodatc and an iodide: 

3H10->3H*+I03'|-2r. 

Tliis reaction may alsf» lake place in weakly acid solution, 
and then goes fartluT, lor in acid solution urdutes wlU oxidur 
iodides: 

I0;-1 sr-K^ll -3Tt4 3HA 

so tluit tiie entire clianj:e is then: 

5HIO-IHO3+2I8+2HA 

^ii) If the unstable neutral solutum is brought into contact with 
easily oxidi/-ahle substanctis (such as the salts of manganese 
or cohall)» decom|Mxsition takes place as follows: 

HlO-vH -1 r-fO. 

ami oNklizcd substances (such as sescjuioxicles of mangaiKsr 
tir Cobalt) are pn>duced. 

(in) In 7 >cry stroni^ly acitl solution hypoiodous acid ionizes as .1 
base: 

and j>rodncus solutions containing positive iodine. See 
p.724. 

Hydrogen iodide, HI. — The reaction between hydrogen and 
iodine, one of the simplest and most easily accessible examples ol 
chemical oiiuilibrinm, has been exhaustively investigated by 
Bodenstein, and by others after liim {p. in). The synthesis ol 
hydrogen iodide can be carried out in the laboratory, hut even 
with the lie Ip of plalinizt'd asbestos the jirocess is inconvenient. 
A better met hod is to treat iodine and water with small quantities 
of red phosphorus, made into a paste with water and <lroppod 
on to them through a tap-funnel. By using excess of iodine it is 
ix)ssible to avoid the formation of phosphonium iodide and to 
carry out tlic reaction according to the equation: 

P+ 5 l+ 4 H, 0 = 5 HI t +H,PO,. 

The gxs is washed W'ilh a very small quantity of water, and is treed 
from iodine vapour bj' passing it over moist phosphorus. It niav 
be dried with calcium iodide or phosphorus pentoxido, but not w'ith 
calciiun chlori<le, which produces a little hydrogen chloride. 

A solution of hydrogen iodide can conveniently be made by 
adding small quantities of iodine to water tlirough which bubbles 
a stream of hydrogen sulphide: 

H5S+Ij=2HI+S|. 

The sulphur is filtered off and tlic hydrogen sulphide, which is 
much less soluble in w'atcr than is hydrogen iodide, is removed by 
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a current of carbon dioxide followed by boiling. The solution can 
he concentrated by boiling off the water until the constant-boiling 
mixture remains in the distillation vessel; it contains 57 per cent 
hydrogen iodide and boils at about 127®. 

Since iodides are oxidized by hot concentrated sulphuric acid, 
this acid cannot \)e used lor the preparation of hydrogen iodide. 

I^roperties .—Hydrogen iodide is a colourless gas with a pungent 
smell, freezing at ^51* and boiling at —35®; it is exceedingly soluble 
m water. The solution is called hydriodic acid, and is a strong 
acid: the remarks on the ionization of hydrochloric acid apply to 
this substance also. Hydrogen iodide differs from the other 
hydrogen halides in dissociating into its elements at much lower 
temperatures. At 300® the dissociation has already roviched ib per 
cent, so that the colour of iodine vapour is apparent even at lower 
temperatures thaji this. The dissociation ol the other liydrogen 
halides at 300® is very slight in<leed. The aqueous solution is 
easily oxidized to iodine and water, and this is brought about by 
the action of the air, so that hydriodic acid, unless isoUtcd from the 
atmosphere, fairly rapidly becomes yellow. Solutions of olhci 
iodides bc'coiiie yellow for a similar reason, for the carbon dioxide 
of the air, by dissolving in water, provides a sufficient coiiceniratiorj 
of hydrogen ions to make the change possible. 

Ic^des.- These are nsuallv prefuired: 

(i) by direct combination: 

(ii) less often by the action of hydrogen iodide, tree or in snhition, 
on the metal, oxide, or carbonate; 

(iii) by acting on a hot oxide of a metal with iodine vapour, e.g.: 

;^PbO+2l,^2PbI,+Oj; 

(iv) by reducing an iodate or periodate, often simply by heating it. 

iodides are usually less volatile than the bromides or chlorides of 
the same element, and they are more often coloured; the occurrence 
of insoluble iodides is also more frequent. Iodine is so easily 
liberated from solutions of iodides that the iodides of oxidizing 
cations (in which we may include the noble metals) either cannot 
be prepared or are insoluble m water; thus ferric, cupric, and ceric 
iodides are unknown, and cuprous, silver, auric, mercurous, and 
mercuric iodides are insoluble. 

The oxidation of iodide solutions to iodine can be earned out with 
a large variety of reagents, and the estimation of iodine bv the 
thiosulphate titration is at once so accurate and so convenient that 
this reaction is often used lor the estimation of oxidizing substances. 
Chlorine, bromine, dichromates, permanganates, hydrogen peroxide, 
and metallic peroxides can all be estimated in this way, as well 
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as iodates (sec l)€low). Some of these reactions do not take phux* 
instantaneously; they may then be accelerated with a catalyst 
such as a molybdate or a tun^'stalc, ammonium molybdate hc\n^ 
commonly used for the purpose in the case of hydroRcn peroxidr. 
Solid iodides are more easily di’comjKwcd by heating in air m 
(wygen Hum arc the other halides. In such decompositions iodiiu' 
escapes and an oxide is left. 

OxiDics oi* loDiNK.—The princip:d oxides of iodine arc the dioxide 
lOy, and the pinit(»xide» 1^0^; but another of formula 1,09 certainly 
exists (see p. 724), and others have Iwn reported. 

Iodine dioxide, 10 , or 1 ^ 0 ^, is prepared from iodic acid by heating 
it witli excess of concentrated sulphuric acid: oxygen is given oU 
and a brown solid remains which can be washed with water am! 
dried fit 100^ The pure dioxide is a yellow solid which decomjioses 
when heated much above this temjierature, and which in con¬ 
tact with moist air, or when treated with water, fonn.s iodine and 


iodic add: 


ioIO^+4H20« 


Iodine pentoxide. Iodic anhydride, 1 , 0 ^, is prepared by healing 
iodic acid to 240^ It is a white deliquescent solid readily soluble 
in water, with which it forms iodic acid, and rapidly dissociating 
into iodine and oxygen if healed to 300® or over. It is insoluble 
in organic solvents. 

Iodine pentoxide has the oxidizing properties of iodic acid, and 
reacts with easily oxidizabic substances with inflammation. It is 
used in the estimation of carbon monoxide in air or other gas 
mixture. The carbon monoxide is oxidized to carbon dioxide, 
which can easily be absorb(*d in baryta and estimated: 




Other Oxides. —Iodine, w’hcthcr in the scjlid state, as vapour, or 
dissolvei! in organic liquids, 15 attacked bv ozone with the formation 
of solid oxides to which various formulae have been assigned. The 
product is very possibly iodine iodafe, or 1(103)3, mixed with 
other oxides, but this conclusion is not certain. Whatever its 
nature, it loses iodine on heating, and on treatment with water 
yields iodine and iodic acid. 

OxYACiDS OF Iodine. —^These are hypoiodous add, HIO, iodic 
acid, HIO3, and periodic acid, HIO4. 

Eypoiodons acid, HIO.—The preparation ot this substance by 
the oxidation of iodine in the presence of water has already been 
discussed, as also its decomposition. The hypoiodites are less stable 
even than the corresponding compounds of bromine. 

Iodic acid, HIO 3 , and the Iodates. —Iodic acid can be prepared 
witliout difficulty by heating iodine with concentrated nitric add. 
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The residue is dissolved m water and heated to dryness once or 
twice to remove all the nitric acid. A simple but less convenient 
niethod of obtaining the compound is by the hydrolysis uf iodine 
chloride, or by the equivalent ojx 5 ration of passing chlorine through 
a suspension of iodine in water: 

Ij+ 5 (; 4 + 6 H 20 = 2 HI 03 +ioHa 

The hydrochloric acid is removed with silver oxide. Iodine will 
displace chlorine from chloric acid: 

i,+2Cio;=2io;+c4t. 

and solutions of iodic acid can bo j)reparc<l by this method. 

Iodic acid is a colourless crystalline solid, hygroscopic, and exceed¬ 
ingly soluble in water. The solutions arc strong acids. The solid 
loses water at no® to form a comjxmnd, IjO^.HIOy, and at 240® is 
completely converted to the pentoxklc. 

Potassium iotlatc, KlOj, can be prepart'd by warming a solution 
of potassium chlorate, initially containing a small amount of chlorine, 
with iodine, when the successive relictions are: 

(1) l2-[ C4=2lCI, (2) KflO^d ICU-KIO,.i 
It is a colourless solid, not verv soluble in cold water, hut very soluble 
in hot water, and can so readily be obtaimsl in a stale of high purity 
by recryslallization that it is much used as a standard oxidizing 
substance in volumetric analysis. It melts at 560® and at a slightly 
higher temjxruture decomposes into iodide and oxygen: this is the 
best method of preparing pure potassium iodide. 

Sodium iodatc, NalOj, occurs naturally in small quantities in 
Chile saltpetre (p. 450), which is the source of most of the iodine of 
commerce. 

Barium iodatc, BallOjlj-HjO, is prepared by precipitation from 
barium solutions and iodate solutions, as it is nearly insoluble in 
water. On heating, it first loses its water of crystallization, and 
then forms barium periodate (or paraperiodate) with the lass of 
iodine and oxygen: 

5Ba{I03),-Ba5(IOo),+4l2 1 + 9 O, t • 

Like the clilorates. the iodates are all powerful oxidizing agents. 
With acid iodide solutions they immediately liberate iodine: 

lOj'+sP l 3HA 

a reaction which can be used for the volumetric analysis of either 
iodates, iodides, or acids by keeping the other two reactants in 
excess. This is one of the most accurate methods for the estimation 
of strong acids in very dilute solution (N/iooo or less). In very 
concentrated hydrochloric acid the addition of more iodate leads 
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to the formation of iodine monochloride, but if no iodine is present 
chlorine is pivcn off and iodine trichloride produceil: 

IO,'-*^6HCUlCm-a'+Cl21 +3 HsO. 

Reducing substances such as phosphorus or sulphur dioxide are 
imnicdiatelv oxidized by iodic acid. 

The fomiarion of acid salts» of which several are known, is a 
j)ro}>erly of io<lic acid which is not shared by chloric or bromic 
acids, and in concentrated solution the acid itself, or its anion, 
shows ‘some evulence of a.ssociation. Thus potafisium di-%odulc, 
KIO3.HIO3, and potassium tri-iodaU, KIO^.^lIIOj, can both be 
isolated from solutions of potasaium ioilate and todic acid. 

Periodic acid, H104« and the Periodates.'-These coin|x)unds are 
nsnally obtained by oxidation of iodates. Thus a good yield of the 
compound NajlI-ilOR {disodium trihydrogen paraperiodate) can be 
obtained by passing chlorine mfo a Ixiiling sidution of caustic soda 
containing excess of iodine. Tlie s(Kliuni salt is not very wluble and 
can be removed by filtration. It can lie converted to the still less 
so I u bl e silver p erioda fr , Ag 4 10 4, w i t h t he he I p of silver n it ra t e so 1 u t i 0 n , 
and from this compound a solution of ))en()ilic acid can be obtained 
by treatment with chlorine, which precipitates all thesilver as chloride. 

Alternatively barium paraperiodate, niay be obtained 

as described above by heating the ca.sily-made barium iodate. and 
a solution of periodic acid can bo made from it by treatment with 
dilute sulphuric acid. From such a solution the pure acid may be 
obtained by evaptoration followed by desiccation over concentrated 
sulphuric acid: it appears in colourless crystals which have the 
composition H^IO^ (or HIOi.aHjO) and are known as paraperiodic 
acid. If subjected to prolonged heating at 100® in a vacuum they 
lose water and are completely converted to the mp/a^ucid, HIO4, 

The basicity of periodic acid in its various forms is not yet 
completely understood. If titrated against strong bases it is 
inonc)basic with methyl orange and dibasic witti thymolphthalein. 
The conductivity results also point to the conclusion that para¬ 
periodic acid is fairly strong in its first dissociation, weak in its 
second dissociation, and very weak in the others. The solid 
periodates are a complicated series of salts which can be regarded 
as derivatives, often hydrated, of the two known forms of the acid, 
HIO4 and H4IO4, but others prefer to derive some at least from a 
hypothetical acid. HiI^O^ (or 2HIO4.H2O). Thus disodium tri- 
hydrogen paraperiodate may be Na2H4l04 or Na4l20*.3H^0. 
Whatever view be taken of tliesc matters, there is no difficulty in 
formulating periodic acid and its salts as compounds of a hypo¬ 
thetical acid anhydride, iodine heptoxide, I4O,. with varying 
proportions of water or a base. 
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The periodates are stable compounds, though powerful oxidizing 
agents. Barium paraperiodate, obtained by heating barium iodatc*, 
ran be kept for a)nsidcrablc periods at a red lie at witlioiit much 
decomposition. Periodates liberate the whole of their iodine wht:n 
treated with acid iodide soliiti<ms, and this can be used in their 
estimatifin: 

lO;A yV 41 LO. 
ntctaf>iruNl(fte, KKb, js obtained from clilorine «and 
hot alkaline jxitassium iodate; like potassium (lerchlorale, it is only 
sliglhly soluble in cold water. On heating, it h^rms first potassium 
i(pdatc (contrast potassium j>crch I orate), then iHilassiuni if>dide. 

Dimiinni trihydrof^cn pantperitiddfe, NugH^lO^. U prejiared as 
d('^crilH*d alKivc. Worn solutions of this sjdt in aqueous jxTiodic 
acid the coin]xuinds NaI04 and NalIJO,, can be obtained by 
crystallization, while from strongly alk:iliu<‘ snliitions 
(h'posited. Normal mliinn paraperiodak, Na,.dO,j. has also Ih'cii 
descrilxjd. and tlie cxislcacc of similar salts ol silver and barium 
is l'jov<aul quest inji. 

Iodine monochloride, K'b is obtained withoid difficulty by union 
of llu* elements. Chlorine is ixussc'd over iodine until the pnxluct is 
li<iuid, and tlie monoehloridc is purified by distillation. It is a 
frequent pr<Hliu*l of reactions in which chlorine is liberated in the 
presence of iodine, or vice versa, providi'd that water is absent, 
aivl can, for exoinph*. lie ]>rcpared by distilling a mixture of iodine 
and pulH''''iuni chlornU*: 

2K('i03 4 1,- 2KIO,4-Cl3. followed by Id. 

It IS hydrolysed by water with the production of iodine and iodic 

5lCl43TlvOs-‘2U i HIO3+5HCI. 

but the reaction is reversible, and in the presence of very conceit 
trated hydrochloric acid an iodate will oxidize iodine quantitatively 
to fomi a pale yellow and ver^' stable solution containing the anion 
ICV: 

ia4rr=i(:v. 

Potassium iodate, acting in the presence of mudi hydrochloric 
acid, has become widely as a quantitative oxidant in volumetric 
analysis (for example, in Andrews* method). Its action is ba.scd on 
the equation; 

IO3'+6H‘+2Cl'+4e=ICl2'+3H2O, 
from which it is seen that under the conditions specified the oxidation 
equivalent of iodate is one fourth of the formula weight. 

Iodine monocliloride is a red solid which exists in two forms, 
melting at 27^ and 14® to a brown liquid. This liquid boils at about 
roo^ to lonn a red vapour which is not markedly dissociated. 
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Iodine monochloridc dissolves in organic solvents to form deeply 
colonred solutions, from which, however, it can be extracted by 
water, which decomposes it, or by hydrochloric acid, wliich changes 
it to ICI2'. Its chemical activity exceeds that either o{ iodine or 
of chlorine, and it finds some use in tlie laboratory as a chlorinating 
agent, e.p. in destroying any carbon disulphide whicli may be present 
in commercial carbon tetrachloride, and as a catalyst or ‘ chlcirine 
carrier.' It combines with alkali-metal halides, particularly those 
of rubidium or caesium, to form compounds such as CsIClj, con¬ 
taining polyhalide ions. 

Iodine monobroznide, I Hr, is obtained by combination of 
elements. It is u solid not unlike iodine in appt'arance but smelling 
of bnmine; it melts at 42^ and boils at iib". It resembles iodine 
moiiochloride in its chemical propcTtus, but is lass stable. 

Iodine cyanide, ICN, is pr<iduced by the action of potassium io(lat<' 
on i(xlinc in the presence ol cyanides, or by adding iodine in the(j- 
retical amount to a well-cooled aqueous solution of sodium ryajude, 
billowed by extraetkm of the iodine cyanide with ether, and its 
rccrystaliization from chloroh>rm. It is very poisonous, and dis¬ 
solves (uily slowly in water. The action: 

ICN-flV^Ij-KN'. 

is rcver.'^ible. Acids reduce the concentration of cyanide ion by 
forming tlic very weak hydrocyanic acid, and so in aeid solution 
iodine cyanide will oxidise iodides to iodine. In neutral solulitui Die 
reverse change takes place. 

Although it is very improbable that iodine cyanide and the halides 
described ahtwe actually contain the cation T, some of their reactions 
can be most easily explained by assuming a mechanism involving 
lission into the appropriate anion and such a cation, perhaps tem¬ 
porarily stabilized as suggested on p. 724. 

Iodine trichloride, ICIa. —fhe b<*5t-known of the compounds of 
ter valent iodine is icxliiie trichloride, ICI 3 , produced from iodine 
aud excess of chlorine. If the reaction mixticre is warmed, the 
trichloride coDects in yellow crystals in the cooler parts of the 
apparatus. It is a solid which melts at 25'^, and readily decomposes 
on warming into the monochloride and chlorine. It is hydrolysed 
by water, but the reaction is not reversible. If the water is in 
large excess the principal reaction is: 

5 lCl,+()H, 0 =i 5 Ha+ 3 HI 03 +L, 

but other products may be formed. The hydrolysis can be prevented 
by a sufficient concentration of hydrochloric acid. Iodine tri¬ 
chloride forms a series of salts, such as CSICI4, with the halides of 
the alkali-metals; these salts arc stable, brilliantly coloured sub¬ 
stances which can be recrystalUzcd from water. Rubidium ictra- 
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chloro’^iodiie, RhICli, is ^^btaincd in bright yellow crystals by 
passing excess of clilorinc into a concentrated solution of rubidium 
iodide: 

Rbl+2Cl2:^Rbia4i, 

and cooling the solution. The corresponding acid, HICI4.4II2O. 
is j)recipitatcd as orange-yellow crystals when chlorine is passed 
through a suspension of iodine in conccntratinl hydrocliloric acid 
at o^. It was doubted whether sucli compounds as RblCl^ contain 
the iodine in the anion, as they lose iodine on extraction witli 
organic solvents; but K1C14 has been X-raycd and shtAVS a scjuarc- 
shai>ed union: 

Cl Cl 

\i/ 

(1 Cl 

Iodine acetate, I(C}Li.rO<')).|. < ati lx* prepared by o\i<lizijig iodine 
dissolved in glacial acetic acid with chlorine moiK^xule. 

ra^ (>CH3.( OOH |.3( l.O-^KCH^.COO), i [iHgO-l .V la. 

Iodine nitrate, ]>robably I(N03).i|, can Ik* prepared Irom hulinn 
and very concentrated nitric acid; it is a yellow jK^wder decomposed 
by water. 

Iodine sulphates of imccrlaiTi constitution have been prepared 
by the action of concentrated sulphuric acid on icxlic acid. 


SnnCKOup A 

Manoanrse, Technetium, Rhenium 

Mn * 54 '<) 4 ; atomic number, 25 Tcs=(<)9); atomic number 43 

Re =^780‘22 ;. atomic number, 75 

Manganese is the only important element of this subgroup. The 
discovery of ' masurium * was announced in 1925. but has not been 
confirmed. An element, named technetium, undoubtedly an isotope 
of atomic number 43, with mass numl>er 09, has been identified in 
the products of bombarding molybdenum with deuterons. It 
closely resembles rhenium. Rhenium also was not discovered till 
1925, but our knowledge of this rare clement is now fairly complete. 

The atomic numbers, atomic weights, densities, and atomic 
volumes arc as follows: 



Mn 

Tc 

Jte 

Atomic Number 


43 

75 

Atomic Weight 

51*04 

> 

jHty 2 

Density 

7'o6 

> 

• 

21*4 

Atomic Volume 

7-S 

? 

88 
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Manganese 

Mn=e54'g4. AUmitc Number. 25 

History.—Although pyrolusite (MnO*) has been used for pcjfiajw 
two thousand years in glass manufacture (to obscure the green 
colour caused by the presence of iron), metallic manganese was 
lirsl prepared in 1774, when Gahn obtained it by reducing pyrf»- 
lusite with carbon. In early times, pyrolusite was confused with 
magnetite and other black minerals, and it is rare V find any even 
rnftficralolv accurate account of its properties lx*fore the eightwiilh 
century. 

Occurrence and Extraction.^Manganese is neither very abuncUnt 
nor very scarce, one or two million tons of the ores being pro<!uc':(l 
aiinunlly. They arc widely diffusi'd. and usually consist of the 
oxkIos, contannnolocl with iron and other metals, though the 
sulpliid<', memfidnese blcfule, MnS, is well known. The principal 
ore IS fiyroiusitf, MnO^, found in (fcnnany and other parts of Europe, 
in America, and in Africa. Amither common on* is hraumk, 
Miu()j|. Traces of manganese compounds arc found in mam 
pkints and animals. 

Most of the manganese of commerce is in the form of an alloy 
with iron called (nro-mangavef^^, wliK.h can be made in a blast 
furnace by the reduction of mixtni oxides of mangane.«^e and iron, 
wiih a largo quantity of lime as flux. In the la!)oraU>ry the metol 
can be obtained by the reduction of its compound'^ with p<iwerful 
reducing agents. Carbon has often been used, but it recjuircs a 
very high teinj)crature, and I lie metal produced contains carbide. 
The reduction of manganese oxides with hydrogen likewise requires 
a very high tciniHjralure, and on a small scale the action of mag¬ 
nesium on a fused mixture of manganese and potassium chloritles 
is to be preferred. Tlie metal can also be obtained electrolyticaIIv. 
But by far the most convenient method for the preparation of pure 
manganese on a large scale or in the laboratory is the Goldschmiot 
process {p. 533), in the course of which the metal fuses and collects 
in a compact form at the bottom of the containing vessel. 

Ferro-manganese is used as a deoxidi7^r in the Bessemer process 
lor making steel (p. 777). Steel containing a small proportion of 
manganese is exceptionally hard, and is used in steam navvies, 
crusliing machinery, safes, and for similar purposes. 

Frop^es.—Pure manganese is a siJver^white metal with a 
density of 7*06, melting at 1245®. It is hard, but not so hard as 
cast iron. Pure manganese is stable in the air. but if it contains 
carbide or other impurities it is easily corroded. The standard 
electrode potential, though not very accurately known, is in ihe 
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neighbourhood of — i*o8 volts, so in the electrochemical series 
manganese comes between zinc and aluminium. It reacts very 
slowly or not at aJl with cold water, forming manganous hydroxide, 
Mn(OH)2, and is easily dissolved by dilute acids, with which it 
forms manganous salts. It docs not dis|)lay passivity in concen¬ 
trated nitric acid. The metal combines with tlie halogens, sulphur, 
and phosphorus, and witli nitrogen on strong heating. Like many 
other metals, it can be prcpan*d in a pjTophoric form by heating 
the amalgam under reduced pressure or by other processes. 

Oxrnrs and Uvdkoxidus. —The oxides of nianganese are given 
in tlie tabic. Manganese tan have all valencies from two to seven 
except five, and the complexity of its valency relations makes the 
study ol this element a dilhcult one. 

Manjianou^ oxide, MnO, a strongly basic oxkle corresponding with 
the manganous salts. 

Munnanic oxide, Mn^Oj, weakly basic and corresponding with the 
jnangariic siUts. 

Trimanganc^e iclroxidc, with 110 c<;rresponding series of 

salts. 

Manganese dioxide, MnOj. weakly acidic and corre.siX)nding with 
the manganites. 

Manganese hepioxide, Mn^Oj, strongly acidic and c<jiTCS|x>nding 
with the permanganates. 

No manganese trioxide corresponding witli the manganate.H exists 
{5ce p. 763). 


The Oxides of Manganese 


Manganous hydroxide^ Mn(OH)2. is a colourless solid precipit ated 
from manganous solutions by can-^tic alkalis. As it is not among 
the least soluble «f metallic liydruxides, a large am cent ration of 
ammonium ions will prevent its precipitation by ammonia. When 
exposed to the air it becomes brown and is oxidized to hydrated 
manganese dioxide. 

Mariganous oxide, MnO, is a grey or greenish substance prepared 
by heating the hydroxide in the absence of air (e.g. in hydrogen) 
or by reducing with hydrogen any other oxide of manganese. It 
can be reduced to the metal only with the greatest difficulty, which 
accounts for its use as a daixidizcr in the manufacture of iron. 


With hydrogen a temperature of over 1200® is required. If finely 
divided and wann the oxide may be pyrophoric, and if heated in 
steam it will reduce it with the formation of hydrogen and 
trimanganese tetioxide. 
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Manganic oxide, MogOs, occurs in nature in the hydrated form 
as mangamtCy and anhydrous as brauuitc. The hydrated fonn 
can conveniently be obtained by passing a brisk current of air 
for some hours through an ammoniacal solution containing a 
manganous salt and ammonium chloride. Manganic oxide is a biark 
solid which can be heated in the air without change to nearly 1000 
but above that temperature gives up oxygen to form trimanganesr 
telroxide (compare iron). It is easily reduced b> the monoxide by 
lieating in hydrogen. With concentrated acids it yields solutions 
of manganic salts. The stability of these solutions dejx'nds on 
the nature of the anion, but they usuallv decompose on heating, 
liberating oxygen or an oxidation-pr<Khict of the anion—('.g, 
chlorine from hydrochloric acid. Boiling with dilute acids, if tljesc 
are not easily oxidized, j)roduces a maugano\is solution and a 
precipitate of hydraUil manganese dioxide: 

MnA i 2ir*Mn •+Mi) 0 *| -t-HgO. 

Trimai^anese tetroxide, is the stable oxide of manganeso 

at high temperatures, and can be prepared by heating any other 
oxide to 1000" or (jver. Tlie colour depends on the metliod ol 
preparation and the state of subdivision. In the hydrated form it 
ran nlst) Ik* jtrccipitated by caustic alkalis from mixed manganon^ 
and manganic solutions. With acids, like the ses(iuioxidf, it yiehK 
a mixture of a manganous salt and manganese dioxide, which may 
or may not oxidize the acid. Trimanganese tetroxide is composnl 
of the simple ions Mn*’, Mn'**, and O', and is tlic analogue of FejjO,, 
and O13O4. 

Manganese dioxide, MnO^, occurs in nature as pyrolusite, tic 
principal ore of manganese. In the hydrated foiiu it can In* 
]>ro(luccd from solutions of manganese? com}x»utids by manv 
different reactiims. Manganous salts can be oxidized in alkaline, 
neutral, or even dilute acid solution, with a hypochlorite, sodium 
peroxide, or at the anode in electn>lysis. Permanganates can be 
reduced in alkaline solution with h3xirogen jHToxide, or by man¬ 
ganous salts, nr by boiling with ammonia. The anhydrous oxide 
can be made by heating the hydrates at a carefully regulated 
temperature, or by heating manganous nitrate in the air and 
extracting any lower oxides with concentrated nitric acid, 

Manganese dioxide is a brown or black substance nearly insoluble 
in water, Init a suspension of the hydrated form will redden blue 
litmus. When strongly heated it yields at about 600® tlic sesqiii- 
oxide and oxygen; further heating in air converts the scs(juioxide 
to trimanganese tetroxide. Manganese dioxide can be reduced 
without difficulty to the monoxide by heating in hydrogen or in 
nitric oxide, while gaseous ammonia wiU reduce it to the sesquioxide. 
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The dioxide is insoluble in some acids» such as liydrofluoric acid, 
while with other acids it fonns u s<»lution which contains eitlier ter- 
or quadrivalent manganese. Such a solution dccompiiscs on healing 
to form a manganous solution and Htlier oxygen or an oxidation- 
product of the acid *anion, so that in Iwiling concentrated solution 
sulphuric acid gives oxygen and hvtlrucliloric acid chlorine. This 
is one of the commonest methods of preparing chlorine. The 
dioxide will not dissolve in atfiieous alkalis, though it takes up 
alkali from the solution to form an insoluble manganite. F\ision 
with caustic alkali likewise converts some of it to a manganite. 
Powerful oxidizing agents, such as hypochlorites, act on alkaline 
susjX'nsioUh of manganese dioxide to form a i)ermanga>iale: 

zMnOj+zOM'H 30 =-zMii 04 ' I up. 

The dioxide is a cataly.st for many reactions in which oxygen is 
evolved. It is widely used in the lal)orati»ry to assist the tlecom- 
jiosition of potassium chlorate, and it ia|mlly convorls hydi'ogcn 
peroxide solutions into oxygen and water, h is noteworthy that 
the dioxides MO^ of titanium, germanium, tin. load, and manganese 
all possess a common type of ionic crystal structure, whemin six 
<oxygen ions. ()*, surroxind a m(‘l;il ion, M **, and three uielal ions 
an oxygen ion. 

Manganese dioxide is usi'd hi the manufacture of ixiLas.'iiinn 
permanganate, and was formerly employed in the Wkldon chlorine 
])rocess and in the manufacture of bromine. 

Mau^ancs^ inoxidc.^ln view of the close relationship of man- 
gaiiates to sulphates and chromates il was to be expected that 
manganese would yield a tri<»xide. Such an oxide was formerly 
thought to l)C producnl, as a reddish vapour, when a solution of 
])otassium pennanganatc in cold C4>ua*ntratcd sulpliuric acid was 
tlroj>]>ed slowly ujxin sodium hydrogen carlx>natc. A recent re¬ 
examination has shown that nothing can be isolated from the red 
vapour but permanganic aci<i, of which, in droplets, the ‘ vapour * 
consists. Further, in the candul tbeimal decomposition of the 
heptoxide, Mn20,, no intennediate oxide can be detected before the 
final residue of dioxide. If tlie trioxide can exist it has certainly 
not yet been obtained. 

Bt^Sanese heptoxide, Permanganic anhydride, Mn^O,.—lliis very 
unstable substance separates ni dense drops of a dark colour wlien 
finely-powdered potassium permanganate is added to well-cooled 
anhydrous sulphuric acid: 

2 HMn 04 —HgO s^MiigO,. 

It is rapidly decomposed by moisture, but dilute solutions can be 
prepared. They have the familiar purple colour and contain 
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permanganic acid, HMn04. The action of dilute sulphuric arid 
on a solution of barium permangaiuite is a more convenient method 
of preparing the acid solution. Manganese heptoxide is a very 
powerful oxidizing agent. 

Manganous Compounds.— In tlie manganous compounds the 
olcinejU is bivalent; this is the stablest Cnition of manganese. Man¬ 
ganous compounds resemble the ferrous compounds and tire pro¬ 
duced by the action of acids on the metal, by the action o[ all the 
haUjgons, except fluorine, on the metal, by the reduction, often 
very easily cflidcd. of more highly oxidized manganese compounds, 
and in various other ways. The manganous ion is pale pink. Sinri’ 
the hydroxide is a strong base, there is no ]X‘rccptiblr hydndysis 
of the salts at nK>m temixTatiirc. 

llic oxidation of mangan<uis comiwunds can lead to the fonna- 
tion of manganic compounds, manganese dioxide, or permanganates. 
Manganic salts can exist only in solutions very concentrated in 
some acid resistant to oxidation, or containing tlie metal in a 
complex anion. If these conditions arc not satisfled, manganese 
dioxick is precipitated, m\css the oxidizing agent is able to oxidize 
it still further to a ]>ennanganate. llie oxidation to manganese 
dioxide (cjr se.'^quioxide) is much more easily effected in alkaline 
than m acid solution, as would 1)0 cxjxxtcd from the c<|uatiou: 

Mn* +0 + i20ir -MnO^I +lip. 

and manganous hydroxide is oxidiztxl to manganese dioxide merely 
by exposure to the air. if a permanganate is to be j)n>duccd, it js 
essential that the manganous solution should lx* dilute, for olherwiM' 
the jxTmangJuate reacts with unchanged manganous ions to form 
the dioxide* 

2Mn0/+3Mn‘*+40ir—5MUO31 

These influences may be illustrated by the behaviour of ozone, 
which in concentrated sulphuric acid produces manganic suli)hatc, 
in concentrated hydrochloric acid clilnrinc, in dilute acid very 
dilute in manganous salt a jXTinanganate, and in neutral solutions 
of moderate concentration manganese dioxide. Chlorine or bromine 
produce manganese dioxide or a permanganate, iiydrogcn peroxide 
or sodium ]X?roxidr produce manganese dioxide, while a mixture o( 
lead dioxide and nitric acid produces a pjennanganate, provided the 
manganous solution is dilute. 

MANGANotJS Halides. —These salts arc prepared by the usual 
methods. If they are required anhydrous, evaporation of the 
aqueous solution is best conducted in a current of tlie hydrogen 
halide. Like other manganese compounds, they can l>e reduced 
to tlie metal with hydrogen only at very high temperatures. 

Manganous fiuoriide, MnF^, is a rose-coloured salt with a high 
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melting-point, nearly insoluble in water. Boiling with water 
produce^ an oxyfluoride. 

Manganous chloride, MnCI^, is a very deliquescent rose-coloured 
salt wliicU melts at ^>50^ and can be boilcsl at a very high tempera¬ 
ture. The vapour density corresjxnids with the simple formula, 
ll is very soluble in water and forms numerous hydrates; it also 
di<solvcs in alcohol, but not in ether. It wa.s used in tl^e Weldon 
chlorine process (p. 731), and is a gmnl catalyst for the chlorination 
of carlK>n disulphide. 

Manganous bromide, and iodide, Mnl,. resemble the 

chloride', but arc more readily convcrtcil to trimangimesc tetroxide 
on licaiing in the air. 

Manganous carbonate, MnCO,, is prepared by adding a bicar- 
bonaie solution to a inatiganous solution which is kept saturated 
with carbon dioxide. Tins precaution is necessary l)ccause man¬ 
ganous hydroxide is a goexi deal loss srdublc than the c^arbonalc, 
and a normal carl)onate solution precipitates a mixture of hydroxide 
and carbonate. The presence of hydroxide in the white precipitate 
obtained is easily revealed by the brown colour prcxluccd by 
exposure to the air. The caiUmate is dccotnpowd by boilmg 
water into tlie hydroxide and carbon dioxido, and js ca.sily 
derom|X)sed by heating alone. 

Manganous nitrate, Mn(\03),. is obtained in solution by the 
usual molhods, but if tlie neiitnil solutions arc cvajx.>ralf<l the 
oxidizing action of the hot concentrated nitrate st^luticui protluces 
manganese dioxide. Various hy<lrates of the nitrate, or the 
anhydrous salt, can be prepared by cautious concentration of nitric 
arid solutions. At room tcinpcialure the colourless hex ah yd rate, 
Mn(N03)2.6H20, is the stable modification. It is very soluble in 
water. The anhydrous salt iK'gins to decompose at 160°. 

Manganous phosphate, Mn3(P04)2.7ll30, is precipitated as a 
colourless solid nearly insoluble in water by the addition of soluble 
phosphates, such as disodiuni hydrogen phosphate, to manganous 
solutions. 

Manganous sulphide, MnS, is prepared by precipitation in neutral 
or alkaline solutions, or by heating manganous oxide in hydrogen 
sulphide. It occurs in a pink cry'stalline form, and when amorplious 
may be orange or green. It is more soluble than ferrous sulphide, 
and cannot l>c precipitated from acid solution. Heated in the air, 
it yields sulphur dioxide and triinaiigancsc tetroxide. 

Manganous sulphate, MnSO^, is one of the commoniist compounds 
of manganese, and is prepared from natural manganic oxide and 
sulphuric acid or by the other usual mctho<ls. The penlahydratc, 
MnS04.5Hg0, isomorphous with copper sulphate pentahydrate, is 
deposited on cooling the solutions to room temperature, and loses 
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all its water at 280^. Manganous sulphate is very nearly colourless, 
and dissolves readily in water, but not in alcohol. It melts at 
700 ^ and at higher tern{)eratures, in the air, yields trimangamise 
tetroxide. 

Manganocy anides.-- These com I x>unds contain the ion 
an<l resemble the ferrocyanides in comfxwition, but they are miicli 
loss stable. Potassium man<:,umiyanuie, K4Mn{CN)^.3ll20, is pre¬ 
pared l>y dissolving mangsmous liydroxidc hi potassium cyam<le 
sulntion and allowing the liquid to cr\'stalh/.c in the cold. I'lu' 
action is reversed 011 boiling with water. Exi>osuro to the ;ui 
converts nianganocyankles ui wdutioii to manganievaihdes. 

Manganic (’oMrovNOS. -The oxidation p^leiitial of the chaiJgc 
Mn ” -Mn'*. though not accurately known, greatly I'xcceds the 
lerric-ferrous oxidHtion p<jtenlial of 077 v(»lt, and is jirobablv 
mr^re than 1*5 volts (brdh with res|)<*cl to the hy<lrogcii electrode). 
It follows that inaiigaiuc sidts anr piiwrrfui oxidising agi'nts, bill 
concentratird solutions 0/ manganic s:iHs cannot be prepared <>n 
account of the tendency of the manganic urn io react with water, 
forming a manganous ion and mungaiu*Mi di(ixide; 

2 M 11 '-I 2lLO-Mn' ! MnO-i I 411*, 

a tendency which c;m lx* ]m'VenltMl only by concentratfd uci<ls. 
Solutions of manganic s;ilts have an acid reaction tr<un hvdr<i- 
lysis, and may de|iosil the scs<|uioxidc unh’ss acid is added to theni, 
Mang.inic solutions arc therelurc stable, even in the cold, onh' m 
tlic proK'nce of a large exci'ss of an arid difficult to o.xidixe, unless 
the ter valent nninguncse is presemt in a complex anion. In soluble 
man game compounds, such as the oxide MnY()5, or the pliosphate 
MnlT),, are, on the contran,', iisually stable. The extn'ine insolu- 
hilitv of the di<jxide or its livdrate cause's manganous hy<troxidc 
to 1)(! a powerful rwlucing agent {c<jni]iarc the similar powei*s of 
ferrous hydroxide). Indeed the relationship between manganous 
and manganic com|XJunds recalls in many wa^’S that tween 
ferrous and ferric compotintis. llie stability of the manganifluoride 
complex, (MnFj.HjO)", is a further jKiint of similarity, and in the 
presence (d excess of fluoride ioas manganous salts will reduc<' 
iodine io iodide. 

Hai.iues-- --The mangainc-manganous oxidation potential exceeds 
the standard electrode potentials of all the Iialogens except fluorine, 

Manganic fluoride, JlnF^, is prepare<i by the iiction of fluorine on 
Hiangaiiese ni the maiigaiHfLis halides. On healing it give^ uiau- 
ganous fluoride and fluorine. It dissolves in water to form an 
unstable red solution which deposits manganese dioxide, but in 
the presence of excess of fluoride iiins a stable manganifluoride 
solution is produced. This is mudi more easily prepared by tlie 
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action of a j^nnaTiganate on a manganous solution containing 
excess of fluoride: 

MnO; 4 4 Mn‘*+ 25 F 

Potasnum mangamjluortde, K^Wnb^.H^O, is slightly soluble in 
water and can easily be precipitated from the solution. It is slowly 
decomposed by water to form manganic (»xide. 

Manganic chloride* MnCls, is unknown in the solid state, but can 
be extracted by ether, in which it fonus a \nolct solution, from a 
solution of inungam^se dioxide in cold concentrated hydrochloric 
acid. Potassium mattgauuhloride, K^MnClj-HjO. is a red solid 
resembling the mangamflnondc in its properties. 

Manganic aulphate, Mn5(S<),)3, is obtained by treating manganese 
iiioxide with conccnlratiK! sulphuric acid ami a little manganous 
silt as catalyst, warming till no more oxygon is evolved, washing 
witli concentrated nitric acid, and drying at 150'. It is a green, 
very ddhjuescent si>lkl, stable in dry air. U tlissolves in conoi'n- 
trntc<t .sulpliuric acid to ft»rm a led Sfihition, and is stable In fairly 
dilute sulphuric acid, but bv water is> dooonijH>M.*d to form m.inganic 
oxide. Alums of tervaU nt manganese have been prepared. 

Manganicyanides.- '11 km: com i« muds are isoimirphoiis with the 
ferrieyariKUs. and contain the ion Mii((*N)^"'. I^fUaKsinm maugani- 
cyanide, is obtained in lod-brown crystals by o.xidizing 

the Tnanganf>cyumdc with air. Its solutions sikui dejiosit hydrated 
manganic oxide. 

Quai>uiv.\lent Mancanksu. -“Comp«»unds of <iun<lrivalent man* 
ganese are either insoluble or contain the rnetal in the anion, while 
they all have a tendency to hy<lrolys<* with the formation of the very 
stable and weakly acidic dioxide. 

Manganese tetrafiuoride, Mn]\|. is unknown, Imt fluomauganites, 
containing the ii>n Mnb'e*. have U:en prepared. Potassium jluo- 
mangamte, KjMn!^ is prejiarod fn»m potitssiam manganulc and 
hydrofluoric acid: 

3M11O/+8H +6F-^2MnO/H.MnF/+4H,0- 
It is a powerful oxidizing agent slowly hydrolysed by water. 

Solutions of manganese dioxide in cold concentrated hydrochloric 
acidp(jssibly contain hexaeJUoro-manganous acid. H^MnCl^j, in addition 
to manganese trichloride. 

Manganites. —Tliesc compounds, derived from the weakly acidic 
manganese dioxide, are asually made by heating manganates or per¬ 
manganates to a moderate temperature. They are usually condensed 
substances with complex formulae, and are insoluble in water. 

Manganates. —These derivatives of sexivalent manganese contain 
the ion Mn04'. and arc bright green. Only the sodium and potassium 
salts are of importance. 
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Potassium man^anuie, K2Mn04, is prepared by heating manganese 
dioxide with moWt s<»lid caustic potash in the air: 

2 MnO 3 + 40 H'+O,= 2 MnO 4"4 2H.a 
The reaction is ina>m])lelc, and the prrxluct is extracted with wnt< r 
and evaixjralod till grtvn crystals ap])ear. The addition of an 
oxidizing agent such as polassunn nitrate helps the oxidation but 
contaminates the proiluct. Allernativciv potassium permanganate 
may Im' heat<*<l with caustic potasli: 

•iMnOj' t-40IT’ tMnO," f-0,t +2n.A 
when manganese' lUoxkle is pn>duced at tiie same time by a sid* - 
vciu't 11)11. 

J'otassmm inanganale is an iiitcns<'lv green solid isnmorpleui- 
willi the chroinati*. sulphate, aiul H'loiiate, A furtluT roseniblaivr 
iH'tween these ions is the insolubility of the bannin salts. On 
stnnig heating, the maiiganate yields a mangamte and oxygen. 
The maiigauates are stabk in solution only in the prcseiua* ol free 
alkali, as the solutions otherwise.' turn purple and deposit manganese 
dioxide: 

3 Mn 04 "-} 2ll/)«jMnO/.hMnO..H 40 ir, 

In ai] neons caustic pot as! i potassium manganatc is lively soluble. 
The imuigunatcs arc oxidizing agents. 

Pr.KMANGANAlKS.—Mang;mt‘S(* heptoxidc is a slrcmgly acidic 
anhv<lrui(», and permanganic acid. HMnO|, is u strong inonobasic 
acid resembling perchloric acid, HCIO4, though its solutions an* 
St a 1)1 e. Permanganates are the Imal stage of oxidation of 
manganese compounds. On account of its high temperature- 
cociricient of solubililv. which allows it to be easily obtained bv 
crystallization, ])otassiiim jHTJiianganate ls of much greater practical 
ini{x>rtancc than the s(Klium salt. 

Potassium permanganate* KMnO^, is made on a fairly large scale 
from solutions of potassium manganalc. In the old procos.s the 
solution was acidified by passing carbon dioxide through it, but thi^ 
involved the conversion of a third of tbc manganese to the dioxide, 
the starting-point of the maiigauate pnxtess. It is therefore more 
economical to oxidizt' the maiiganatc solution either with chlorine: 

2MnO/'4-C4=2Mn(V+2Cr, 

or at the ano<le in electrolysis, usually in a cell of diaphragm type, 
l^otassiuni pcnnaiiganate i.s also made from a manganese steel 
anode in acfueous caustic potash. The prfiduct is easily purified l>y 
rccry^itallization. It forms small crystals isomorphous with potas¬ 
sium perchlorate, KCIO4, an<! of a purple colour so dark as to 
appear nearly black. Like potassium |)crchlorate, it is much more 
soluble in hot water than in cold, but its solubility at room 
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temperature, about 50 gin. \yer litre at 12®, exceeds that of the 
perchlorate. 

When hcateil above 2W\ potassium j-KTmanganate tnclds a 
manganite and oxygen. The best etjuation is: 

4KMn04—2K2Mn03+2Mn03+3021. 

but at higher temperatures further rlumgc^^ take pi a re. 

Poruuuigauates are j^owcrful o.suhr.iug agents ol s<jmcwhal 
complex bcliaviour. The oxidation potential of the change 
Mn04'-»-Mn04" is o*6i so that chlorine can exsily oxidise 

manganates to |K»rmanganates. 'J*he reverse change is of little 
]practical signilicuncc, Ix^ruase in the alkaline wihitims in which 
nianganates are alone stable the reduction of jpermanganates 
jproccicls further and leads to (he i)n*cipitation i>f manganese 
dioxide. It is, however, pf>^slble to convert a permnnganato to 
a manganate by Ixjiling it w'illi conrenlraUxl causCic alkali, or by 
heating the sohils (r>gcther, when oxvgeii is evolvi^d: 

4Mn04'-f40H - .iMn(V' b02|H-2lU0. 

If the alkali is dilute the dM^xide U precipitated instead. Usually, 
hr)W'ever, the uxidiznig action of |>crmangauate solutions iuUows 
one of two courses: 

(i) in neutral or alkaluie solution: 

2Mn0/+H,0=2Mji0a + 20 ir+ 30 ; 

(ii) in acid solution: 

2Mn0/+3ll30“-2Mn* H-OOH '4 5O. 

The oxidation ]H>tcntiaI of ImjUi reactions depends greatly on the 
hydrogen ion concentration of the solutiim. In a solution normal 
in permanganate and in aeud the s<*cond ch;uige lias a potential of 
1'52 volts, su(helent, that is, to oxidize a chloride solution to chlorine. 
While these concentrations arc higher than would be met with in 
volumetric amdysis, or than stability allows, it is nevertheless 
imprudent to use permanganaU^ iu hydrocliloric acid solution for 
this w’ork, for unless the dilution is very great some permanganate 
may be consumed in the lilieiutiiui of chlorine. Solid potassium 
permangiinate causes a rapid evolution of chlorine from concentrated 
hydrochloric acid in the cold. 

In volumetric analysis ixitassiuin permanganate can Ixj used for 
a great variety of estimations, and on account of the intense colour 
of its solutions no indicator is rei^uired, though in alkaline solution 
the precipitated manganese dioxide is apt to obscure the end iwint 
unless steps are taken to coagulate it at the bottom of the vessel. 
Permanganate solutions are affected by light, and unless kept in 
blue bottles suffer a slow alteration in composition: they arc also 
easily reduce<l by rubber or other organic substances, so that 
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burettes with glass taps should be used. Among the most important 
oxidations with permanganate used in analysis arc tlie following* 
oxalic or formic acids to carbon tUoxidc and water (carried out at 
6o‘'), ferrous salts to ferric salts, fcrrocyanidcs to fenicyanides. W ith 
hydrogen peroxide in acid solution mutual reduction takes place: 

2Mn04'H-5H,0«-aMn ‘4 5O3 f H hOHM'2HjO. 

Neutral manganous solutions react with permanganate on warnung 
to proci])itatc manganese dioxide: 

2MnO/+3Mn H-eHjO^^SMnOel +4}!'. 

Tills is VoLiUKiVs titration. To coagulate the manganese dioxiilr 
rinc sulj)hatc is added to the liquid, whose hydrogen ion c< ni¬ 
ce nt ration also needs careful control. 

Pernuinganatcs arc also used in bleaching, and as antiseptics. 


Rhenium 

186*22. Atomic number, 75 

Tins rare element, discovered in T025 in Norwegian molyhdeniic. 
is now extracted from spelter n^sidues. In its valency relations it 
resembles manganese, though the valency of seven is more cou- 
spicious in rhenium. The density is 21*4, and the melting-point 
(3137’^) is excej)tionally high (cf. tungsten, 3370*“). Like the adjacent 
elements tungsten and osmium, it can be made into filaments, and 
with its greater electrical resistance it may perhaps replace tungsten 
in lamps. The oxides Re^Oj, ReOj, ReOj, and arc known. 

Tlic kept oxide, obtained by burning the metal, melts at 304” and can 
easily be distilled: it has no oxidizing properties. It is extremely 
soluble in water, fonning a strong acid from winch the colourless 
perrhenate.s arc derived. n)cse are less easily reduced thou tlie 
permanganates. Potassium perrhenatc, KRcO^, i-s sliglitly soluble 
in cold water (12 gm. per litre); sodium jxrrhcnatc is freely soluble. 
The dioxide is obtained by hydrolysis of the tetrachloride or by 
oxidizing the metal in oxygen at low pressure. All the oxides 
are easily reduced to the metal. ITie highest known fluoride and 
chloride are Rel'e and ReCl5, both made by direct combination, but 
rhenium forms a volatile oxychloride, KeOsCl, in which its valency 
is seven. The sulphides resemble the oxides in formula, and the 
heptasiilphidc Re^S, is precipitated by hydrogen sulphide from 
strongly acid perrhenate solutions. 

The volatile heptoxide and oxydJoride have been used in the 
detemination of the equivalent. 
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GROUP VIII 

IRON. COBALT, NICKKL, RUTHENIUM, RHODIUM, PALLADIUM, 

OSMIUM, IRIDIUM. PLATINUM 

Fc Co Ni Ku Kh Pd Os Ir Pt 


Ti 

V 

Or 

Mn 

Fe 

Co Ni 1 

Cu 

1 

1 

1 

.1 

1 

J 1 ' 

1 

'l\ 

.Nb 

Mo 

Ic 

Ru 

Rh Pd : 


1 

1 

! 

1 

1 

i I : 

1 

ill 

la 

\V 

Ki* 

Os 

If Pt : 

Au 


TllK TKANMJIUR llJ.r.MLNTb AKn GKOUi* VJII 


Tt will bf* seen from the diagram of the transition elements, in whidi 
Group VIII, to whidi I lie term is sometimes restricted, U enclosed 
by a dolled line, that the gruU]) differs in structure from all others 
of the jwriodic table. Some of the physical properties of Group VIII 
elements arc shown in the table Wow; it will !«* observed that the 
atomic weights of cobalt and uickel lie out of order (p, 31^1). 
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Some Physical Propertibs ok Croup VIII Elknents 


The 36 elements arc all metals of high melting-point, arranged in 
three characteristic ' triads.' Since they bear a marked relation¬ 
ship not only to each other but to the adjacent transition elements, 
it will be convenient to consider here one or two characteristics 
of the group as a whole. The atomic volumes of the tmnsition 
elements and of the elements in the B subgroups of Groups 1 and II 
arc shown in Fig. 146, from which it will be seen that the Group VIII 
elements all have similar values between 67 and 9*0 and occupy 
minima in the series. 
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The electronic structure of the atoms of the i8 elements between 
K and Kr (^^36) inclusive results from the filling of the 

electron group IV (cf, diagram on p. 347), after the completion of 
the argon core (2. 8, 8) in the preening lighter elements. Experi¬ 
mental spectroscopic evidence, as well as modern theory of atomic 
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Structure, show that this fourth electronic group is coiiip(»site, and 
can be subdivided into three subgroups, which, following the 
spectroscopic nomenclature (4s, 3d, and 4^), we shall call s, d, and p. 
The maximum electronic contents are: s, 2\ J, 10; p, 5 , making iS 
in all for the whole group. The bonding energies of the electrons 
in the three sul>groups are similar, justifying their inclusion in one 
main group. Tlie detailed onler of filling of the subgroups, which 
is not quite regular, is shovkn in the following tabic: 
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Up to and including Mn all the electrons in both subgroups s and 
d contribute to the maximum valency. When, ]u)wevcr, the sub¬ 
group d is half-filled, t.c. at Fe, most oi its electrons abruptly cease 
id be available for valency purposes, and the prwluction of stable 
compounds. From Fc onwards only one of the <‘lectn>ns from sub¬ 
group d is s<) used, as is indicjitcd by the parentheses in the table. 
In the unstable ferrates (p. 7.S5) iron is probal^ly sexivalent, and we 
see the vestiges of the us<‘ ol mon* thati one electron from subgroup 
d. Tile six elements from Ga (Z 31) lo Kr (Z- .^b) are formed by 
the lilling of the subgroup /», which remains einplv imlit Ga is 
reached. Tlic similarily in the bonding energies of electrons in 
sulig roups and d is ros|>onsiblc lor the very' variable vuK'ncius ot 
the elements from Ti to Mn, for the valency aotuallv exerted will 
depend mainly on whether the chemical environment of the at<im is 
reducing {tending to add electrons) or oxidizing (tentling to ivmove 
electrons). 

The transition elements are nil metiU>, usually with higli Tnelliiig- 
points, of variable valency. Their e<impounds are usually D»lmircd, 
and they have the high catalytu activity as.v«>ciate(l with variable 
valency. In Grouj) VI f! the metals, with the excepfKUi ol iron, 
are all noticeably resist ant lo oxidation or chemical attack. Iron, 
cobalt, aiul nickel arc more eltvtmiiositive than the r(‘st, and also 
luoie ntiuiidant. The great almiidance of iron and its comparative 
susccjHibility to corrosion mark it out trom the rest, lixcludmg 
these metals, it will be iiotkeil tlial the remainder are all 

scarce and negligibly electropositive (low atomic volume). Con* 
seijuciilly most ot Iheir halides are insi»Iuble in watiT (compare 
sih'er and gold), or dissolve in it to form complexas with the metal 
in tlie anion. 

1'hc valencies throughont the group are very vanablc, and the 
study of the compounds of these* elements is u fascinating Imt 
complicateil ]irt)bleni. They may Ih* cl ass i tied either horizon tally 
or vertically; vve shall adopt the horizontal classificaLion, but 
Irequent allusion will be made to vertical comparisons. Higher 
valencies become more markofl as we move Irom rig!it to left or 
from top to bottom; thus nickel is seldom other than bivalent, 
while </smium disjilays the highest valency—eight—of any element 
in a binary compound. Throughout the group the sljibilitv ot 
various valencies dcjxuids greatly on compl(‘x formation, loi which 
all Group VTII dements have a conspicuous aptitude, Several 
complexes will be discussed later on, but we may mention hero the 
complex bivalent cations which the first long-period elements 
form with ammonia, which increase in stability from iron to copper, 
and the very important complex cyanides. With the elements of 
the iron column the most stable complex cyanide ions are those in 
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which the metal has an electrovalency of two—e.g. the ferrocyanides, 
F€(CN)fl""; with the cobalt column clenjents the cobalticyanides, 
Co(CN) containing the tervalent metal, may be taken as typical. 
while with the nickel column the metal is bivalent again—-e.g. the 
platinocyanides, Pt(CN)4". The study of the complex halides is 
also interesting, but rather less simple. Cobalt, rh<^um, iridium, 
and platinum, and to a less degree the other elements of the group, 
are remarkable for the number and stability of their complex 
ammincs. 


Iron 

Fe--55-85. Atomic Numher, 26 

History. — Itun may have been an Asiatic discovery. It was 
corlaiiily known in A.sia Minor about 1300 b.c., for one of the 
kings of the Hittites presented an iron sword io the celebrated 
PJiaraoh of the Nineteenth Dynasty, RAMnsus II. An iron tool 
was alsf) found eniU-ddetl in the masonry of the Great 1 pyramid a( 
Gi^ch, thus presumably dating fr<*m about 2(100 u.c., when the 
pvramul was being built. Ancient names for iron are usually to 
lx? interpreted <is 'the celestial metal' or Mho mela! fnaii 
heaven,* indicating that the first known spcciinous were of met cone 
origin. Ry (he time of Solomon, the extraction of iwn from its 
ores must liavc been well established, since al*>out 2500 tons of the 
metal were used in the construction of his tcmjjle at Jenisalcm. 
We read, too, that Neuuchadruzzau (about boo b.c.) carried ofl 
into captivity a thousand iron-workers from Damascus. 

( ertaiu si)ecimcns of ancient Egyptian iron, when subjected to 
chemical analysis, were found to contain combined carbon, which 
suggests that they may have been made of steel. Case-hardening, 
for steel tools, is definitely known to have been in use in the seventh 
century B.c., while the Indian steed employed for the celebrated 
Yemen bla<!es was probably imported to Arabia as early as the 
fourth or hflh century B.C. 

The word ‘ iron ' is of Anglo-Saxon origin. Atncmg the alchemists, 
the metal was known as Mars, from its supposed astrological con¬ 
nection with the planet. 

Occurrence and Extraction.— Iron is the most abundant of the 
metals, with the single exception of aluminium, but the great 
difficulties which attend the extraction of aluminium, and which 
have been overcojne only in recent vt'ars and in ihe treatment ol 
selected ores, have caused iron to be incomparably the more useful- 
iron occurs principally as oxide or sulphide, but sulphide ores 
cannot conveniently be used for iron nianutacturc, though they 
are much used for making sulphur dioxide. The principal oxide 
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ores are haematite, Fcfi^ ; limonite, hydrated ; and magnetite, 
l'0;jO|. They occur in many parts of the world, some of the richest 
deposits being in the United States, Great Britain, Scandinavia. 
Belgium, Alsace-Lorraine, Gc^nan3^ China, and Brazil. Not all 
of these, however, are 
worked, for the value 
of an iron ore depends 
on many factors be¬ 
sides its iron content, 
s^hich should be at 
least 30 per cent. 

(^heap transport and 
cheap coal are essen¬ 
tial, magnetite re¬ 
quiring more fuel than 
the other ores. The 
}>hysical properties of 
the ore are important, 
as a powdery ore can¬ 
not bo worked in a 
blast furnace willioui 
preliminary Ircat- 
iiicn t. Th c n at urc of 
the impurities nmst 
also be considered, 
as the presence of 
silicates, phosphorus, 
sulphur, or limestone 
will influence the ex¬ 
traction process. The 
presence of coal and >47* Fuknack 

iron in adjacent dis¬ 
tricts was one of the principal reasons for the industrial supremacy 
of (ireat Britain in the nineteenth ccnfur\’. 

llic maini/acture of iron by heating its oxide ores vdth carbon has 
been carried out since the beginnings of history, through the gcnc-ral 
use of iron was precedecl by that oi copper and bronze. In modern 
times the operation is carried out in a blast furnace. This is a 
firebrick tower cased in iron wliich may be one hundred feet high: 
it is fed with the ore mixed with coke and a flax to enable the im¬ 
purities in the ore to form a liquid which can be withdrawn from 
the furnace. The nature of the flux depends on the impurities 
present* if there is much lime an acidic flux like silica is added, if 
much silica, a basic flux like lime, so that the slag usuall^^ consists 
largely of calcium silicate. 
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The air required for the combustion of the coke is fed in near the 
bottom of the furnace through pipes, called tuyeres, or ' twyers,' 
whicl» project slightly into the interior. Just below the tuyiires Ls 
the slag-hole, though which the slag is discharged, and lower still is 
the tap-hole from which the moKm metal is run whenever the level 
inside reaches nearly to Ihe slag-hole. One of the greatest advancc.s 
in the art of making iron was begun in 1K28. when Neilson horded 
the air-blast before adinilling it to the furnace. The heat of the 
furnace gases, which leave the furnacxr by a pipe called the ' down¬ 
comer/ is generally employed for the ])ur|X)sc. These gases contain 
a ccmsitk ruble projwtion (about 24 per cent) of carbon monoxide, 
and arc bumecl, with the help of a further air-supply, in a lower 
provided inside with a brick clvquer-work to absorb as much as 
po.ssiblc of the lil^eraled heat. When the temperature within this 
tower is sufficiently high, the furnace gases are deflected into another 
similar structure and (he air-blast is heated by passing it through 
the hot tower. In mcxlem practice the furnace gases are used not 
only to heat the air-blast but to raise steam for p(.‘)wer, and are even 
burned in combu.stion-engittes for the same purjjosc. Progress has 
been made since the da>*s when the ga.se.s burning at (he open mouths 
of the furnaces lighted up the niglit countrysule for nules around. 

The essential reaction in the furnace is the reduction of the iron 
oxides by carlxm monoxide, c.g.: 

1h\03-|-jC(>»^2FcH-3C0,. 

Since the reaction is revorsiblo, and since it is importnnt to ensure 
complete reduction of the ore, conditions have to l>e such that the 
carbon monoxide is in considerable excess. Hence (he presence of 
such a high proportion of the monoxide in the gases that leave the 
furnace. 

The heat required to raise the mass to the necessary liigh tem¬ 
perature for this reaction is supplied by the heat of formation 
of the carbon monoxide from the coke and the hot air-blast. The 
process is continuous, and a furnace once lit need not Iw irileiruptod 
until the lining is worn out. The temperature in the neighbourhood 
of the tuyeres, where the metal is being melted, may reach uoo^ 
but higher up the furnace the temperature falls and the issuing 
gases are at about 3<x)®. 

The product of the blast furnace is called cast iron, or sometimes 
pig iron, from the ' pigs ' or ingots made by running it into moulds. 
It contains some 5 per cent of impurity, mostly carbon, but phos¬ 
phorus. silicon, and sulphur are also usually present. I^arge 
quantities of cast iron are used without further purification. As its 
name implies, it can be used for making casts, since it expands on 
solidification, but it is brittle, cannot be welded, and will not 
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sustain heavy loads. These difficulties can be overcome by the 
use of wrought iron or steel. 

Wrought iron is simply cast iron from which the impurities, 
particularly the carbon, have Ixicii almost entirely removed. 
Wrought iron Is tou^h, and before the invention of the Bessemkk 
process for making s(ei‘i was 
of much greater importance 
than it is now. It is made bv 
heating cast iron to a very 
high temperature with mm 
ore in a reverberatory fur¬ 
nace, such as that shown m 
the diagram. In this furnace 
the heat is reflected from 
the roof and sides, and the 
carbon and other irnpuritu^ 
in the cast trun are slowly 
oxidized by the o.xygcn of ihc ore. .^s the carbon is rcniovf^d the 
melting-point of the iron rises and (he metal, at first liquid, begins 
to * ball togetficr' or .solidify. It is stirre<l with long poles called 
' rabbh^s * inserted through an ojvning in the wall of the furnace not 
shown in the diagram. This operation, called ‘puddling,' is still 
carried out by hand, and the iron is finally removed from the furnace 

on the end of these poles: it is inunedi- 
utely placed under u btcain hammer at(d, 
while .still hot, squeezed free from slag. 

l>cfaie the invention of tlie Bessemer 
converter in 1^55 steel was made from 
wrought iron anct carlx^n by a laborious 
pr<Mxss which, moreover, on account of the 
very high temperature required, could be 
applied ouly to small masses of metal at a 
time. Bes.s«*mer conceived the idea of 
rapidly oxidizing the carbon and other im¬ 
purities in molten cast iron by blowing air 
through it. thus eliminating the puddling 
J ^^nfer.s and subsequent processes, d'he vessel in 
wlucli the oxidation is carried out is called 
a converter; miKlern examples are twenty 
or thirty feet high and have an internal 
diameter of about eight feet, holding thirty tons of metal. The first 
co^^'crte^s were fixed, but modem converters can be tilted about a 
horizontal axis. They arc filled with the tuyeres horizontal and the 
curved outlet pointing upwards; the molten iron is pioured into it 
from a travelling ladle. Tlie converter is then turned into the 
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position shown in the diagram and the air-blast is turned on at an 
excess pressure of some two atmospheres. The carbon is oxidized 
to carbon monoxide, which burns at the mouth of the converter, and 
other impurities are also removed as volatile oxides. In the earlier 
lorms of the process phosphorus could not be removed, and it was 
necessary to work with ores which contained none. It was, how¬ 
ever, discovered that with a dolomite lining and a blast of more than 
usual duration a metaJ quite free from phosphorus resulted: this is 
called the ‘ basic Itcsscmer process.' Hood, in his book Iron^ tells 
the story of how the pos.sibilily of using a dolomite lining was dis¬ 
covered in 187S by Thom.as, clerk to the magistrates at the Thames 
[Kilicc court, who had taken up the study of chemistry as a Iiobhy, 
and who had had no practical experience whatever of Uio iron trade. 

The product of the 
process is tipped out of 
the converior, and is 
IKJw c lil ] (*( 1 sled. Before 
the introduction of the 
converter the term 
* steel' was api>lied to 
wrought iron to which 
some 2 per cent of 
carbon had been added. 
Modern steds may con¬ 
tain less carbon even 
Th. ijjo StEMKKs Otkn-HEARTH Fuknacb tbun WToiight iron, the 

term referring simply to 
metal wliich lias been prepared in a converter or by the alternative 
processes, 'fhe proportion of carbon left in the iron depends on the 
duration of the blast. Bessemer found that if the blast was continued 
long enough to remove all the carbon, some of the iron was oxidized 
as well, and this quite spoiled its properties. Soon, however, the 
discovery w'as made that if manganese was added, nearly all the 
carbon could be oxidized without any oxidation of the iron, and this 
discovery contributed much to the supremacy wliich the Bessemer 
process so long enjoyed. That process, however, is by some now 
considered to be ob^lescent, and is menaced on the one hand by 
the Siemens open-hearth process and on the other by the electric 
furnace. 

'I'lic open-hearth steel furnace was introduced at a comparatively 
early date. Cast iron is melted with ore and a flux, usually lime, 
on a lining which may be either silica or dolomite, the source of 
heat being burning pre-heatcd producer-gas. An intensive system 
of heat regeneration is required to reach the high temperature 
necessary, and is an essential part of the plant. The furnace is 
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sometimes made reversible; that is to say, the air and producer-gas 
are led into it through brick chequer-work which has just Ijcen heated 
by the issuing gases. The open-hearth furnace differs from the 
simple reverberatory type in the source of heat, the provision of 
a heat-regeneration system, and the use of a flux. This flux forms 
H slag which floats on the surface of tlie steel and protects it from 
the oxidation which would otherwise take place. The manufacture 
of steel in this furnace takes longer than in the Bessemer converter, 
but it is more easily controlled and the product is more uniform in 
composition, The addition of deoxidizers such as ferro-manganese, 
ferrcj-titatuum, or aluminium scrap effects a great improvement in 
the quality of the steel. 

The electric furnace has been applied to steel uiHiinfacture in 
companilively recent times, and its use is said to be increasing. 
Several types are in existence, the current being usually conveyed 
to the metal by carbon electrodes. The chief advantage of all 
such furnaces is the very high tenij)crature that can be reached. 

Carlx)n-containmg steels contain the carbon partly as cementik, 
a carbide of iron with the fonnuta FcjC The heat treatment of 
steel is intimately connected with the changes undergone by iron 
on healing or c<K>ling, and Ix^longs lu the science of metallurgy 
rather than to pure chemistry. 

Special Steels. —I'he greatest Ocvcloi)ment of mcxlern metallurgy 
has been in the production of alloys. xM^Kiern high-sjieed machinery, 
particularly of the reciprwating type, requires metals of great 
toughness, tensile strength, and icsistancc to wear, and the manu¬ 
facture of special steels for these pnrjwises has become an industry 
of the highest importance. Some s|>ecial steels are mentioned 
below, others in connection with the metals that they contain. 

Steel for Hi^h-apeed Tools.-^Tlxis steel must l>e capable of standing 
high temperatures without .soflemng. A typical specimen contains: 
tungsten 15 per cent, chromium 4 pt‘r cent, vanadium i per cent. 
The tungsten is sometimes rejiluci'd by molybdenum in smaller 
quantity. The steel is heated to about 1300'' and (picnched in oil. 

Skelfor Constructional Work, o.g. hridRcs.— The necessary strength 
is obtained by the use of 3 per cejit nickel, i per cent chromium, and 
sometimes small quantities of manganese and vanadium. Such 
steels are also used for the frames of motor cars. 

Steel for specially Hard For the jaws oi rock-cnishers, 

for rails on sharp curves, for steel helmets, and for similar purposes, 
a steel containing about 10 per cent of manganese is used. 

Stainless Steel .—Tliis is userl for cutlery. It contains J3 per cent 
of chromium. 

Steel for Reciprocating Machinery .—These steels contain chromium 
and vanadium in very variable proportions. 
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Steel for Permanent Magnets ,—Such a steel may contain 30 
per cent of cobalt. Stainless steel is also suitable (or the purpose. 

Properties.—'I he physical and even the chemical properties of 
iron are profoundly modified by the small quar^lities of carbon 
and of other impurities whicli the commercial substance usuallv 
contains, and the product of large-scale metallurgical ojwrations is 
not suitable for the investigation of the pro|x?rties of the pure 
clement. This is best prepared either electrolytically or by reducing 
in a current of hydrogen any oxide of iron, or such a salt as (errous 
chloride. For electrolysis ferrous sulphate may be used in the 
bath, but the hydrogen ion concentration must be caiefully con¬ 
trolled. In strongly add solution hydrogen is produced, and eveii 
a slightly acid solution might lead to occlusion of hydrogen in tin* 
cathode, while excess of hydroxyl ions produces a precipitate ol 
ferrous hydroxide. The bath is therefore buflercd by the addition 
of magnesium sulphate, which precipitates magnesium hydroxide 
in alkaline solution, and sodium hydrogen carbonate, which prevents 
any accumulation of hydrogen ions. Oxidation by the air must 
be avoided by carrying out the electrolysis in an iatniosphere of 
carbon dioxide, or by leaving intact the layer of ferric hydroxide 
which collects on the surface of the liquid if the operation is carried 
out in the air. The anode is made of wrought iron, and the cathode, 
which is kept in rotation, of platinum or copper. 

Pure iron has properties very different from those of the com¬ 
mercially more important alloys which may differ from it onW 
slightly in chemical composition. It is a white metal which melts 
1533® and boils at 3235®. The density is 7*9, and the metal is 
soft, ductile, and malleable; it can be obtained in the h)nu of fairly 
large crystals, but this is not easy. Solid iron exists in three, 01 
}K)ssiblv four, allotropic modifications, the stability ranges being 
as follows: a-, up to 769®; 769® to 928®; y-, 928® to 1404^; 8-, 1404'’ 

to melting-point. Of the transition-points that at 928® is the most 
conspicuous, and the transformation of y- to ^-iron gives out so 
much heat that a wire which has been strongly heated and then 
allowed to cool slightly below the temperature of redness suddenly 
glows brightly as the transition temperature is reached, a pheno¬ 
menon to which the name ‘ recalesccnce' has been given. Most 
of the physical properties of pure iron show a discontinuity at this 
temperature. X-ray examination has shown that the transition 
from ^-iron to y-iron is accompanied by a change in the crystal 
structure. 

I..ike many other metals, iron is permeable to hydrogen, and under 
suitable conditions will occlude quite large volumes of the gas. 
Nascent hydrogen will pass through sheet iron even at ordinary 
temperatures, and ordinary hydrogen will pass through the metal 
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at higher temperatures, say Soo'^ or over. This has caused serious 
difficulty in plants in which hydrogen at high pressures and 
temperatures has to be kept in iron vessels—e.g. in factories 
working the Haber-Bosch process. 

Since the standard electrode potential of iron is -0*44 volt, it 
will not dissolve to any appreciable extent in pure a>Id water. In 
the presence of oxygen and water iron is, however, more or less 
rapidly corroded, with the ff>nnation of a loose brown mass of 
hydrated ferric oxide, called * iron rust/ It can be shown experi¬ 
mentally that neither pure water nor pure oxygen is alone .sufficient 
to caUsSe corrosion, but it is still an <)uestion whether iron will 
rust in aerated water from which all traces of carbon dioxide have 
been excluded. Experiments in which the surface ot the tnelai 
and the apparatus arc waslnxl with alkaline solutions are incon¬ 
clusive, since it is definitely know'ii that iron will not rust under 
caustic alkalis, A certain concentration of ferrous ions in the 
solution is presumably necessary to the fonnation of rust, and since 
the jwduhilitv of iron in aqueous solutions <l<*pcnds chiefly ihoir 
hydrogen ion concentration, it is not surpnsing that the metal 
sluruld remain untarnished under caustic alkalis. There is, how¬ 
ever, no floulrt that the increa.so in the hydrogen ion nmcentration 
brought about by the presence of carbon dioxide causes the attack 
on the metal to be much more rapid in natural fresh water than in 
pure distilled water containing air hut frc*c from carbon dioxide. 

Many metals, such as altiminiuin (standard electrode potential 
— I (36 volts) or zinc (—0*76 volt), which are more electropositive 
than iron, are yet far more resistant to the action of water. The 
explanation is probably that iron rust is a porous substance which 
offers no protection to the metal beneath it, while tlic oxides of 
alundilium or zinc, when present m quantities so small as to be 
invisible to the eye, form a coherent coating which prevents any 
further attack. 

Iron is readily soluble in dilute aads, with the formation of ferrous 
salts and hydrogen. The marked odour of the gas obtained from 
acids and commercial iron must be attributed to impurities in tlie 
metal, and is altogether alxsent if the jmrest iron is used. Even 
faintly acid solutions—e.g. solutions of ammonium salts—will 
dissolve iron without difficulty. The action of nitric acid is very 
complicated. If the acid is extremely <!ilute, fciTous nitrate is 
formed and some of the nitric acid is reduced to ammonia, which 
forms ammonium nitrate. No gas is therefore evolved: 

4Fe-|-ioH'+N03'=4Fe*‘+NH4*+3HjO. 

As the acid grows rather more concentrated, ferric nitrate is the princi¬ 
pal product, and gas is evolved; with acids of various concentration, 
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nitrous oxide, nitric oxide, nitrogen dioxide, and ammonium 
salts may all be produced in varying proportions. Concentrated 
nitric acid has no action on iron, wliich when placed in this liquid 
is said to become ' passive/ It has already been explained 
(p. 423) that this is due to a skin of oxide which covers the metal. 
Iron is unaffected by cold alkaline solutions, which protect it from 
corrosion, but it is attacked by boiling concentrated alkaline 
solutions, or by fused caustic alkali. 

Pure dry o.vygcn Ix^gins to attack iron at about 150®. At ftrsl 
the action is limited to the production of very thin Alms of ox Me* 
which pniducc intcrfereiice-coknirs on the surface of the mct.il. 
These colours are used by workmen to estimate the temperatures 
reached during the heat treatment of steel. If located to a liigh 
tcmpcraiurc in oxygen, iron can be made to bum, but the tempera¬ 
ture nccesscu'V d(‘|)ends chiefly on the state of subdivision. Iron 
wire or iron gauze will bum in oxygen if ignited with burning 
sulphur, or even in air if heated in a Bunsen flame, while the iron 
powder obtained by reducing iron compounds in hydrogen is 
pyrophoric at ordinary tcm|>cratures. All forms of iron will reduce 
steam with the production of ferrosofurnc oxide: 

3reH 4Hj05^Fe<,()4+4Hj, 

and though the equilibrium can \k but little affected by the physical 
condition of the metal, yet the nipidily wuth which equilibrium is 
readied is greatly influenced by this factor: iron powder reacts on 
gentle warming, whereas iron lumps show no measurable actitm 
below 300^ or 400'*. 

Iron leacts with the halogens when gently heated with them, and 
is strongly corroded by chlorine at the ordinary temperature. 

OxiOES ANO Hydroxidks.—I n addition to ferrous oxide, FcO, 
and ferric oxide, Fe^Oj, an oxide of intermediate formula, FejjO^. is 
known. All these <ixidcs can be obtained in tht* hydrated state. 

Ferrous ozid6» FeO, can be obtained only with difficulty in a state 
of purity, as it is easily reduced to the metal or oxidized to ferric 
oxide or foiTosJilernc oxide. It can be prepared by careful oxidation 
of the metal—e.g. by exposing the amalgam for some time to the 
air—or by reducing ferric oxide with pure carbon monoxide at a 
temperature w'hich must not rise much above 500®. Tlie ignition 
of ferrous oxalate in an inert atmosphere yields a pyrophoric 
mixture of iron and ferious oxide. 

The properties of the oxide depend on its state of division. If 
finely powdered it will burn readily in the air and decompose 
bailing water, liberating hydrogen and forming ferric hydroxide: 

2Fe04 4H,0^2Fe(0H}j+H81 • 

It is soluble in acids. 
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Ferrous hydroxide* Fc(OH)2. is obtained as a colourless precipitate 
by the addition of caustic alkalis to ferrous solutions. As it is 
rapidly oxidized by the air, turning first green then brown, it must 
be prepared in an inert atmosphere and with solutions from which 
all dissolved air has been removed. Oxidation proceeds so 
vigorously that if cx|Kised to the air the hydroxide may become 
incandescent. Like ferrous oxide, it is soluble in acids and will 
liberate hydrogen from boiling water. Unlike ferric hydroxide, 
ferrous hydroxide is a strong l)ase without amphoteric properties. 

Ferric oxide* FC2O3. txxurs plentifully in nature as haematite or 
specular iron ore. In the laboratory it can be preparer! by healing 
tile easily obtained ferric hydroxide, or by roiistiug almost any 
coin]X)unr‘l of iron in air or oxygen. Iron pyrites is used for this 
pur}K»sc on a very large scale in the manufacture of sulphur dioxide, 
lliough its place has in n^rent years been partly lakou by American 
sulphur. The reaction i^* 

4luS2 I IlO.* t<SO. r^re/).. 


and the residue rd ferric <;Mde is us('d as u source of other iron 
< oinpounds, as a catalyst, or in smaller quantitles as u red pigment. 

FiTric oxide is a red snbstana' whicli melts at 15^5*^ and dissolve"* 
oulyw'itli diflicultv in acids. Its magnetic projxTtics aje very 
weak. It can l)o riMlnced to the metal with hydrogen, or by carbon 
monoxid(‘ at high temperatures, but at 51x1'* carbon monoxide 
produces ferrous oxide. When very strongly heated, ferric oxide 
loses oxygen and forms feiTf».soferric oxide, Fe^O^. It was formerly 
u.sed as a catalyst in the contact process for sulphuric acid,*with 
cupric oxide us promoter, but it has now been largely superseded 
by vanadium compounds, h'erric oxide also catalyses tJic reaction 
between carbon monoxide and steam, now of technical importance: 


CO-HLOv-'CO, ! Hj. 


Ferric hydroxide* Fc(OH)3, is prtxluced as a brown precipitate 
when caustic alkalis are mixed with cold ferric solutions. By 
prolongcnl boiling, u red compound with the comjwiiion I'e^Oj.HgO 
is obtained. Both these substances readily dissolve in acids to 
form solutions of ferric salts. Ferric hydroxide so readily adsorbs 
substances from the solutions in which it is precipitated, and retains 
them with such tenacity during washing, that it is best to use the 
volatile precipitant aqueoas ammonia, whicli can be expel)tul 
from the j>roduct by healing. Ferric hydroxide i.s easily obtained 
in colloidal solution. It is a weak base and is pnxluced by the 
hydrolysis of ferric sails; thus if a few drops of a solution of ferric 
chloride are added to a laige volume of boiling distilled water, a 
deeply coloured yellow, browm, or red solution is obtained fre^m 
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which hydrogen chloride can be removed by dialysis. \Vlu‘n 
prepared in this way» ferric hydroxide is a positively-charged 
colloid easily coagulated by electrolytes, particularly those con¬ 
taining multiviJent anions such as sulphates, but it can also he 
])rc})ared as a negative colloid. 

The precipitation of ferr<ms and <»f feme hydroxide is pro¬ 
ven ted by the addition of certain hydroxy lie substances, such 
glycerol or tartaric acid, with which the Iciroiis and ferric ions form 
complexes (coiTi|>arc aluminium). 'Hie prwipitation of fenous 
hydroxide with ammonia is alsti prevented by the presence of excess 
of ammonium salt, which represses the dissrvialion of tlie ha-;c. 
hVrrous ious form a complex (Ko.ONHa)** with ammonia, Imt ik* 
corresixjiiding complex of ferric ions is known. 

Ferrites. —Th(*se substances arc derivatives of ferric iron. lUit 
of ferrous iron, as the name might suggest, and may contain the 1011 
IVOg', 1‘hev are o]stained by heating ferric oxide wjtli auolher 
metallic oxide or hydroxule, c.g.: 

hVA+2NaOH *'-i4NaF< A+ 

or bv a<lding caustic alkali to a mixed solution of a ferric and anothin 
salt and igniting the hydroxide precipitate so <il)taineil. Tlu* 
ferrites are cither insoluble in water or, like sodium h^rnto, de¬ 
composed by it into the coastitnenl bases. Sodium fernte is 
used in one process f<ir the manufacture of caustic wxla (p. 

'file hvdratcd ferric oxule obtained by the deconi posit ion of this 
siih.stnn<<* has the cninp^sition l*VO(OH). or hc/);i.lLO, identical 
in constitution W'ith tlie mineral gnrf/nVr. Sixlium feTnle can, how¬ 
ever, exist in cojKTi lira ted alkaline solution, and is usually prepared 
by iieatiug ferric oxide with concentrated caustic soda. 

Ferrosoterric oxide, FegO,. can lx* prepjired bv heating the jm eipi- 
tatc which caustic soda produces in mixed fern ms ami feme solu¬ 
tions. It is a black s<ilid, melting at 1527"^. which occurs in large 
quantities in nature as tlic mineral mtgvciitc. It is the nir>st stable 
oxide of iron at very high tcmjx'raturas, and may be prepared by 
heating ferric oxide to 1500® or over. It Ls also produced by the 
baliinccd action between iron and steam, or by burning iiou in 
oxygen, but if subjectcKl to prolonged heating in air or oxygen at 
abtuit 1300® it is converted to ferric oxide. 

It is much more strongly magnetic than the other oxides of iron, 
and in the natural fonn has bcctn called ' lodestone ‘; it is also 
known as oxide of iron, Altlunigli composed of the simple 

ions Fe’*, Fo"*, and O", the oxide is insoluble in dilute acids and 
disst)lves only slowly in concentrated acids to give a mixed ferrous 
and ferric soution. The action of caustic alkali on such a solution 
produces a precipitate which has the formula 2Fe304.3Hj0, and 
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from which the water can be removed by Iicating. This precipitate 

is solwblc in acids, aiul from the solutions salts such as 

can be ol)tain(‘d. lltcy are probably complex salts, c.g. Fe(PcCl4)j. 

Ferrates, which contain the anion FeO^'', may be regarded as 
derivatives of the unknown iron trioxide, VcO^ They are nK»re 
stable tlian the ferrites, since solutions of the soluble ferrates 
those of the alkali-metals) can be kept for several days, and the 
insoluble barium ferrate can l)e boUed with w'atcr mthout deciun- 
])r)sition. 'rhey are, how'cver, decompr)scd even by tlio most dilute 
acids, yi<‘lclmK a ferric salt and oxygen or an oxidation-prtuluct <if 
tiu; acul anion—e.g. chlorine from hydrochloric acid. Ferrate 
solutions are deep red in colour. 

Potassutw (vnaic, K^Fet^, is prepared by the action of oxidizing 
Agents sui.li as o/oue, chlorine, lirominc, or hyj-Michloriles on a 
suspension <»f feme hydroxide m a(|ucons caustic i>otash: 

2lw (OH)5-l 40 H'-t iO - 2 FVO/.} sHjO. 

The soli<l salt can lx* obtAiiK‘<l by cxxding the solution: il forms 
black crystals which are isoniorphous witii pobissniin sulphate or 
potassium chromate. S(tdium jcnnU\ Najh^Oj, ran be prej)ared 
in a similar fashion, 01 by heating ferric oxide with sodium per- 
oxi<le and extracting the product with water. Bannm ferrate, 
PaFeO^.IT^O, is obtained as a purple precipitate by tliB at lion 
of soluble ?enates on barium solutions. 

It is somewhat surprising in view of the relative stability of 
clironiales and (lemianganates, in which the metals immediately 
] acceding imn display their highest valencies of six and seven 
resj>ectively, that ferTatc.s, in which iron exliibits a scxivaleucy, 
should be so unstable. The cause of 111 is abru])t diringe may he in 
the stability of the half-filled y! group of electrons, wliich Ls reached 
ill manganese (see also p. 773). 

Nitrides. —Of the various nit rules of iron whii'.h have been 
described, the most important has the formula Fe^N. It Ls a grey 
solid prepared by heating either the mef.il or ferrous chloride or 
bromide in a current of ammonia, and when strongly liented 
decomposes into its elements. If hcattxl in hydrogen the nitride 
undcrgiics a reversible reaction: 

2Fe2N+3H5^2Kll3-| 4k'e. 

It is readily soluble in adds, from whicli it liberates hydrogen, 
leaving a ferrous and an ammonium salt: 

2Fe2N+ioH*5=2NH4’H-4F€’‘+Ha f • 

The formulae of Fe^N and Fe^N. which latter is formed by healing 
FcgN to 600®, have bwn confirmed by X-ray analysis. 
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It has recently been discovered that certain steels can be ^ven a 
very hard surface simply by heating them to 500® in ammonia 
The hardness is due to a thin coating of the nitride. 

Salts of Iron .—Iron forms two scries of salts, the fernnis 
in which it is bivalent, and the ferric salts, in which it is tervalent 

Fkkkous Sai,is >.—The action of acids on iron always produces 
ferrous solid ions, unless the acid is an oxidiring agent, or unless 
oxidation by the air lakes place. Terrous salts are also easily prc> 
]);in'd hy nnlnction of ferric salts with iron or any other suitable 
reducing agent. They arc isomorplnnis with tlic salts of many other 
bivalent metuU, such as cobalt, nickel, o>ppcr, magnesium, calciuin, 
zinc, cadmium, chromium, or manganese, llicir solutions arc preo- 
tically colourless, and any given tinge indicates the presence d 
ferric salt. Unlike ferric hy<iroxide, ferrous hydroxide is a strong 
base, and ferrous sr) 1 utions arc scarcely hydrolysed. The carbonalc, 
oxaiale, sulphide, and phosphate arc insc^hiblo in addidon to llir 
hydroxide?. The ferrous ion forms a not very stable complex 
ion (Fc.fiNHg) ’ with ammonia, and an exceedingly stable compic.s 
witli cyanides—the fcrrocyanide ion. Fc(CN)^"". It also forms 
complexes with many hydrt»xylic organic compounds. The com¬ 
plex ion ^6(050,1)2' which the ferrous ion forms with oxalates h<j> 
probably the chelate stmeture: 


With dimethylglyoxime ferrous .solutions produce a piulc colour: 
this 1.^5 a very sensitive test for the metal. 

Simple ferrous com|)Ounds arc .strongly paramagnetic, l>iit c.<m- 
plcxes containing ferrous iron such as the ferrocyanid<'S arc dia¬ 
magnetic. 

Eerkic Salts are prepared by the action of oxidizing agents on 
iron or on ferrous salts. The hydroxide is a weak base, and the 
hydrolysis of ferric solutions is considerable. As ferric hydroxide 
is extremely insoluble in water, the hydrolysis is an irreversible 
process and varies with the age of the solution, so that in measuring 
it it is difFicult to get concordant results. At 25®, a solution of a 
ferric salt of a strong add is 50 per cent hydrolysed at a dilution 
of about M/ioo; ferric solutions are much more hydrolysed than 
aluminium solutions under similar conditions of dilution and 
temperature. The ferric ion is colourless in solution or possibly 
faintly violet, but this colour is to be seen only in add solutions 
of the salts of the strong oxyadds, such as the sulphate, nitrate, or 
perchlorate. Other solutions have the yellow or brown colour of 
the colloidal ferric hydroxide produced by hydrolysis; this colour 




GROUP VIII 


787 

usually l)ecomes deeper with age. but is diminished by addition of 
tlie strong oxyacids. In the solid state anliy<lrous ferric salts 
are colourless, yellow, or brown. 

Some lerric salts, such as the chloride or bromide, resemble the 
corrcsjxinding compounds of aUiminium in l>eing chiefly covalent. 
The ferric ion has a very noticeable tendency to complex formation, 
which, if wc exclude the fcrroc>'anid<*s, is much less conspicuous 
in the ferrous ion. It dr>es not ap|H*aT to form any complex with 
ainmoni;i, but with cyanides it pnxhices the exceedingly stable 
ferricyani(l<5 ion. Fe(CN)6'", with flu<»rides the very stable ion. 
PcFft"’, and aKo forms various stable anions with pyrophosphates 
and orthophosplmti's. as well as complexes, probably chelate in 
character, with hydroxy lie organic comiv)nnd> such as mannite. 

'riie princip;d insoluble salts, in addition to basic salts, am tlie 
suluhidc, orthophospliato, and arsenate. 

THR Ferkoos-Perric Eot»!UBRiUM. —The oxidation pxifential 
of the change Fc’^-^Fe** is 0*77 volt. Ferrous solutions can be 
oxidb.od by the air according (o the equation: 

4J-C * 2H/)=-4lV *+40H', 

hut at room lemperalurc ajul in nentnil or slightly acid solution 
the velocity of the reaction is negligible. It is probably a hetero¬ 
geneous reaction which takes place on the walls of the vessel, and 
it can be catalysed or ‘ induced' by the simultaneous atmospheric 
oxidation of arsenites, phosphites, or other reducing agents. It is 
accelerated by strong acids, and still more so by alkalis. The 
reduction of ferric solutions is also easy, an<l can lie earned out with 
copper or any less electronegative metal, or even by shaking the 
SJ)lution with charcoal. Finely-divided iron, sulphur dioxide, 
hydrogen sulphide, and stannous chloride are other reducing agents 
frequently employed. Oxidations by ferric ions are often sensitive 
to light. 

'Hie powerful reducing properties of ferrous salts in alkaline 
solution—that is, of ferrous hydroxide—are due to the extreme 
insolubility of ferric hydroxide, whose soluhility-j)rocluct is lo*^, 
as compared with 10^*^ for fem/us hydroxide. The equilibrium: 

4Fe(OH)j i +OjH-2Hj0^4Fe(OH)3 j 

is therefore overwhelmingly in favour ot the ferric compound. The 
equilibrium between ferrous and ferric ions is also greatly modified 
if anions are present with which ferric ions form complex —c.g. 
fluorides or phosphates. As these considerations are of fundamental 
importance in the chemistry of iron, some examples will be given of 
the ferrous-ferric equilibrium in various media: 

Hydfop^rn .—In the absence of a catalyst ferric solutions are 
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reduced by gaseous hydrogen only with extreme slowness, but in 
the presence of platinum or palladium the action U fairly rapid: 

2Fc-+H,->2Fe*+2H*. 

Ferrous hydroxide, however, can be made to reduce water to 
hydrogen (palladium chloride catalyst): 

2Fe(OH)2 i +2H,0^2Fe(OH)3 1 +H 2 f . 

NitraUs.-^Ferrous salts are not oxidized by nitrates in cold 
neutral solution, but ferrous hydroxide will reduce nitrates to 
ammonia. 

Iodides .—The standard electrode potential of iodine, +0*54 vclt, 
is less than the ferric-ferrous oxidation potential, so iodides an* 
almost quantitatively oxiclize<l bv ferric salts to iodine: 

2Fe '*+2r-^2Fe 4 lr 

The reaction is used in volumetric analysis, but if fluorides arc 
present no satisfactory end-poiiU can be reached. If excess of 
})yrophosphatc is present the ferric ion concentration is reduced to 
such a degree that the reverse change takes place, and ferrous sails 
can be titrated with iodine in such solutions. 

Oxidation of ferrous solutions with potassium 
peimanganate is a well-known operation of volumetric analysis: 

5Fe‘+Mn0;+8H‘*-5F€‘*'+Mn'-f4H,0, 

but if hydrochloric acid is present the end-point is sometimes 
unsatisfactory. It can be much improved by the addition of 
phosphoric acid, which reduces the ferric ion concentration almost 
to zero. 

Dichromates .—The oxidation of ferrous salts by dichromate is 
also much used in volumetric analysis: 

6Fe *+CrjO/'+i4H%==6Fe‘>2Cr’ *+7lIaO, 

especially since it has been found that diphenylaminc can be used 
as a very sensitive iiitem;U indicator. This titration is also facili¬ 
tated by the addition of phosphoric acid. 

Copper Salts .—The standard electrode potential of copper with 
respect to cupric ions is +0*34 volt, so that in neutral solution 
ferric salts are quantitatively reduced by copper to ferrous salts: 

2Fe‘ +€0 1 ^2Fe‘+Cu'\ 

However, the reverse change takes place in alkaline solution: 

2Fp(OH)4 4. +Cu •+20H'-*-2Fe(0H)a; 4 -Cu 4.. 

It excess of fluoride is present, ferrous salts will reduce cupric salts 
to copper even in acid solution, while in neutral solution a cuprous 
salt is produced: 


Fe'+Cu'^Fe'+Cu*. 
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Silver Salt ^.—The standard electrode potential of silver is +0‘8o 
volt, close to the ferric-ferrous oxidation potential, so, as might 
be expected, the precipitation of silver from solutions of silver 
salts by ferrous solutions reaches an equilibrium: 

Fe‘’H-AgVFe*’*+Agi . 


At room temperature the action is a slow one, and may take an 

liour or two to reach practical equilibrium. 

Organic Anions .—The oxulatioii oj organic anions by Jerric 

solutions is usually much inlluciiccil hy light. With oxalates, 

the reaction is: ..^ * 

2J C +( 2l 0 +2LO4 t. 


A mixed solution of a ferric salt ami oxalic acid is perfectly stable 
at room temperature in the <lark, though it decomposes on boiling, 
hut if exjx^sod to light it imnioduitcly begins to give off carbon 
dioxide oven in the cold; the react ion is over in a few miuuics. 
A similar reaction is made use of in (he preparation of ' blue 
prints,' The paper is soak* il in a solution of the ferric salt of an 
organic acid and dried in the dark. It is then covered vvitli a 
drawing nui<lr r)i) trans]>areiit paper ojkI exposed to the light. 
Washing in the dark with a solution of a fcrricyainde then reveals 
the drawing in w'hitc lines on a l»ickgrouiKt of prussiau blue. 

See ferric sulphide (p. y<)2). 


Carbonatks. 

Ferrous carbonate* Fc^COs. is obtained as a while precipitate from 
ferrous solutions and carbonate solutions in the absence oi air. If 
a current of carbon dioxalc is p;LS.scd Ihniugh the liquid, the 
precipitate dissolves to form a bicarlxmale solution. 

Ferric carbonate is unknown, but a Ikislc carlx>nate can be 
precipitated from ferric solutions by carbonates. It is hydrolysed 
by boiling water into ferric hydroxide and carl>on dioxide 


Halioks. 

Since the Icmc-ferrous oxidation potential is 0 77 volt, and the 
standard electrode potentials of the halogens are: F +2*85, Cl 
-h 1*358. Br +1*065, ^ +0*535 ''olt, it is clear that ferric iodide 
cannot exist in solution. Indeed it is unknown either in solution 
or in the solid state. Ferric bromide is stable in cold water but is 
decomposed on boiling. 

The ferrous halides are prepared hy the action of hydrogen halides 
on the metal in the absence of air, either in solution or in the dry 
state. Tlie bromide or iodide can be made from the halogen and 
the hot metal. Alternatively, the ferrous halides may be prepared 
by reducing the ferric halides, carefully, with hydrogen; on too 
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strong heating the metal is obtained. The ferric halides are madt* 
by the action of halogens on iron or on the ferrous halides, or by 
the action of liydrogcn halides on ferric hydroxide. 

The ferrous hahdes arc true salts highly ionized in solution; the 
fluoride aiul chloride have high melting-points. The ferric halides 
are largely covalent. The fluoride, as is the case with other elements, 
differs somewhat in rliaractcr from the chloride and bromide, but 
these two compounds either have low melting-points or decom]>os(' 
on lieating, are parti ally hydrolysed by water, and diss('!ve in organic 
solvents: they rcsi-mblo the halides of aluminium or chromium. 

Ferrous fluoride, FeFj. is a colourless s<^IkI which volatilizes ,\t 
.ibout it is soluble in water. 

Ferric fluoride, res* aihies aluminium flur^ridc^ It is fairS* 

v(>lntile at about looo", and tlic anhydrous salt is scarce!v solul)le 
in water, Init hydrates have Ixxjn prepared that will dissolve. 
The ckTtriral conductivity of these solutions indicates that both 
dissociation and hydrolysis are very slight. I'erric fluoride is 
converted Xo ferric hydroxhle by moist air or steam. W^ith fluoride 
ions the complexes FeF«'"and VchyUS)" d.Tciom\vd, juul many^fiic- 
ferrates containing these ojiions have l>een prepared in the Sf>lui 
state. 'Fhc ferric km concentration of fluoferratc solnlKUis is 
insufficient to give a rcxl colour with lhi*x*vanates. Tlie fluoforrates 
of s{)clium anil pirtassium are only slightly soluble in water, and 
sodi^uH JhioJi-rrak, Na^heV*. is obtained as a wliito precipitate when 
a ferric solution Is mixed with st»lution of s<Kiium fluoride. 

Ferrous chloride, Fct'^, whether in the solid state or in solution, 
IS j)crfectly colourless if quite free from the ferric silt, but in the air 
the solid raj>idlv grows yellow and the sf)lution green. It melts at 
a rc<! heat and can be distilled at higber tcm}>oratures, the vapour 
density pointing to some association into double molecules; but at 
high temperatures these arc completely dissociated into single 
molecules. Cr\'osco})ic mejisurernents in such organic iu[uids as 
will dissolve ihc salt also indicate the simple formula. The 
anhvdrous salt is very soluble in water, ami readily forms In'drati's 

s ^ ♦ 

(of which the bc?*t known is the tetrahydrate, KeClj.4ll30), and 
a<iclition-compounds with ammonia. It is also soluble in alcohol. 

Ferric chloride, FcClj, is usually made from chlorine and hot 
iron. Like aluminium clilorklc, it is decomposed by moist air, so 
suitable precauticjns must be taken in making it. The crystals 
of the anhvdr<iu.s compound, whi<*h .are dark red (almost black) with 
a green reflection, sublime at 2S5®, and the liquid can exist only 
under more than atmospheric pressure, 'flie vapour consists almost 
entirely of double molecules at low temperatures, but on heiiting, 
dissociation into single molecules takes place, and on further heat¬ 
ing, ferric chloride dissociates into ferrous chloride and chlorine: 
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this dissociation is apprcrmbic at In organic sols'enIs foruc 

chloride has the simple (onjmla. 

Tlie anliydruus salt is drlujin■scent and f<»nos several hydrates 
whose solubility relations have already Uvn disciisstd (p. 131), 
as well as various a<lditiOTi-roni|Xiun<]s with ammonia. The hyditn 
lysis of the solutions has Ihtu the object of inueli research. If 
dilute and Ircshly prepared, they are almost <odourless, but tli(‘v 
slowly become deep yellow <»r brown, while the c«»lhnclal solutions 
of ferric hydro .side obtainable* with btaling vvahT may lx* bhuxl-ied. 
The electrical conductivity alsci inrreaM's with time. Hyclrolysis 
alone is .scarcely su flic*10111 to account for tlicM* clianj^es, a^ hyilrolyses 
of this ionic type are nearly always ra pit I and unleed in'«tant:me(ms 
j>rocesses. It is prtibable that tlie piotKTtie-» of (he s<»lution are 
also influenced by slow cban^iis in the constitution of the eollonl. 
The a<iiieous solutitnis certainly contain very lew simple' terne ions, 
but all ctmibinations h‘c**’ with Cl' lioni t” to h'et'l.j are 
probably pieM'iit. The cleai vellow n»loiii <jt si'lutions m ]ivdr<>- 
clilunc aciil is tine to tlie re[>iossion oJ hydrolysis ami the formaliou 
of comple x halide mns. such as h'K l^' aii<i l'e(*l^'" 

l\Tric clilornie is wry soluble in many organic solvents A 
detinite distnlnitioii-ralhi tan Iv obtaiiK'd for it betwi*en ether and 
concentrated hydoK liloric arid, and willi arid (»i careiullv chosen 
C(»nceiitratiou*“ alwuit nioLir - the ratio is ho f'leatlv in favour 
of the c'ltuT layer that cilieii*al c.xtiaction has Ikhh used as a nictlad 
of removing iron com{)oiind> fr'Hu nirxtiins vvilh thoM* ol closely 


relate<l elements such as cobalt, 'riie existence of siu*h a ratui is 
slnaig cvKleiice lor the iin|KTfeil tlissfK*ialiori of liiTic clilc^nih* in 
aijui’ous s{)Iution. and may lx* conliasted with tbe behaviour of 
lixdrogeii chloride (p. 

W'itli chlorides lernr <lilitride foinis salts callisl r/i/drftfrrrafes. 
but as usual tliev are much Ic'ss st.ible tli.in flu* «.umj>le\ fluorulis 
and the covalency r>l the iron may l«* less. Th** principiil anions 
arc FeCT/ and [Fen^.HjjO]"; of the anuui Fe(*C'", corresponding 
with I'eFfl'", only few sidts have hitherto Inm prepared. 

Ferrous bromide, KeHiv, is a yellow ci*\Malliae substance leM in- 
1)1 ing the chloride. It niav lx* preiiareti anhydrous by heating iron 
in bromine vapour to a temperature snfficient to decompose aiiv 
ferric bromide and C(H>liug in caiboii dioxide. 

Ferric bromide, Feltr3, may lx* ])Tej>aicd by gently heating iron 
in bromine vapour. On heating ah me, or on Ixuling the aejueous 
solution, it decomposes into ferrous brninitle and hronune. 

Ferrous iodide, Feig, is made by union of the elements. In the 
presence of water, the reaction take-s pbice in the cold with the 
development of heat. The anhydrous salt is a grey solid melling 
at 177®; it is deliqiw^cut and soluble in water. Atmospheric 
2 0 
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oxidation of the solutions leads to the separation of iodine, as 
ferric iodide cannot exist in solution. 

Sur.PiiiDEs. 

Ferrous sulphide, FeS, is obtained by precipit«iling ferrous 
solutions with suipliidcs. such as ammonium sulphide, in alkaline 
solution. In neutral solution precipitation is incomplete, and in 
acid solution no precipitation takes place. The hydrated sulphide 
obtained in this way is a black substance. The anhydrous substance 
is easily obtained bv union of the elements at a red heat, or by heating 
iron in a current ol hydrogen sulphide. It is a bluish-black substance 
with a high melling-|K)int, but when lieated in the air it readily 
forms ferrous sulphate, which decomposes on stronger heating. 

The (lecoini>osition of iemms sulphide by acids is ollen u^ed, in 
Kipps apparatus or otherwise, for the piopiiration of hydrogen 
sulplnde, but if natural ferrous sulphide is used the gas obtained 
is far from pure. 

Ferric sulphide, Fe^S.,.—Fcnic ions can oxidize sulphide ions to 

2 ]-e "+S"^ 2 rc -4 S I. 

and ferric sulphide can l>e precipitated only from alkaline solutions, 
ill which its solubility is tCMi small for this change to take place. 
Thus the addition of a sinnll (quantity of ammonium sulpliule 
solution to a solution of a ferric salt caiLses the piccipilation of a 
mixture of ferrous sulphide and sulphur: 

3 S"->2 KcSj+SJ, 

but if a little ferric sail is added to excess of ammonium sulphide 
solution, ferric sulphide is precipitated: 

2 l-c 

It is best prepared by passing hydrogen sulpliide through a suspen¬ 
sion of ferric hydroxide in water, since such a solution cannot Ix'corne 
acid. Ferric sulphide is a black substance decomposed by acids 
into a ferrous salt, sulphur, and hydrogen sulphide: 

FegSa+^H =2Fe‘+S i +2HjS f . 

The fact that ferric sulphide, but not aluminium sulphide, can under 
certain circumstances be precipitated from aqueous solution may 
perhaps be attributed to (he lower solubility of the former. 

Metallic ores, such as chalcof»yrUe^ CuF'eSg, or mispickel, FeA-sS» 
containing iron and sulphur in conjunction with other metals, are 
very widespread iu iiatuie. 

Iron dis^phide, FeS2. occurs in nature as the important and 
abundant mineral iron pyr^ics. It can be obtained artificially by 
boiling ferrous sulphide with sulphur, and by many other processes. 
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It is a yellow stibstance, insoluble in water, which on stronR heating 
in the absence of air decoin|'M>ses into ferrous sulphide and sulphur, 
and is to lx; regarded as a polysulphidc. The r<)<asting of iron 
pVTites was for many years tijc coninionest conunercial method 
t'»r tlic pro]) a ration of sulphur dioxide for sulphuric acid manu- 
faclure. Atmospheric oxidation of pyrites in the presence of mois¬ 
ture leads to the formation of ferrous sulphate and sulphuric acid: 

2FeSj+2H,0+70t«2Pc‘+4H*+4f>04", 

and this is the origin of the ferrous sulphate often to be found in 
Xhn drainage water of coal mines. 

Sta.nuATKS. 

Ferrous sulphate, FeSO^, is prepared on the large scale from 
pyntes. The solution obtained by atmospheric oxidation Is 
treated with old iron, which not only forms ferrous sulphate with 
the sal})huTic aciti, but also precipitates in the metallic form any 
copper which may l>e present as cupric salt. The product obtained 
by crvstalli2ing the solution is not pute, and pure ferrous sulphate 
is prepared from pure iron and dilute sulphuric acid. Crystalliza¬ 
tion at room tcm|Hraturc yields crystals ol the hep t ah yd rate 
FeSOj /H^O, formerly known as ' green vitriol.' The anhydrous 
salt can be prepared by carefully heatuig the heptahydratc in the 
absence of air, but some basic salt may be formed at the same time. 
Anhydrous ferrous sulphate is a colourless substance which when 
strongly heated decomposes into ferric oxide, sulphur dioxide, and 
sulphur trioxide: 

zFcSO^^FeA+SOj f +SO3 f. 

Fuming sulphuric acid was for many years prepared by the dis¬ 
tillation of green vitriol, especially at Nordhausen (Germany), 
whence the name ' Nordhau.*^n acid.' 

Ferrous sulphate is soluble in w.iler. The solutions are oxidized 
by the air, but the rate of oxidation can be much reduced by the 
addition of dilute sulphuric acid, which prevents the formation 
of colloidal ferric liydroxidc. Even the slight acidity of an ammo¬ 
nium .salt solution is sufficient for the purj)ose, and consequently 
the double salt ferrous ammonium sulphate, reS0|.(NH4)gS0^.6Hg0, 
is nearly always preferred to ferrous sulphate for the analytical 
<)j)erations in which ferrous sulphate is often used as a reducing agent. 

Ferrous sulphate solutions have the property of absorbing nitric 
oxide. The solutions arc brown, and since at saturation one mole¬ 
cule of nitric oxide is present per molecule of ferrous sulphate, it 
is reasonable to suppose that a compound. FeSO^.NO, is present, 
or more probably an ion, (Fe.NOl**, since other ferrous solutions 
have tlie same property. This view has been confirmed by the 
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isolalii)!! ol srjrli a com|x>uncl by a<Ulinj» concentrated sulphuric 
acid to the solution, when it apfK'ars in red crystals, which easily 
decomf)osc. The production ol Ihis brow'n solution is the basis of 
the brown ring test for iiitiatis or nitric acid. The sus]>cctcd 
solution IS mixed with ferrous sulphate solution in a tube, and 
concent rated snl]>lnuic acid is carefully P‘>urc<l down the side so 
as to form a M'par.ilc* lower Uver. Heat is developed at the surface 
of S 4 '()aratn>n, and in t!»* hot strongly acid solution the ferrous 
sul])liate reduces the mine acid \<> nitric oxide, svliich dissolves to 
form a blown ring. 

Perrons atnmonnou sull*hate, hVS04.(NH4)2S04.6H20, is a pale 
pr<'en salt oblaiiied by ctw*hng mixed s<itmated solutions oi leiTfjus 
and aminoniuni sulphate^. Manv other ticuible sulphates containing 
ferrous iron are km*\\n. 

Ferric sulphate, l'C2(^^^4):e pi<*j>an*d by carefully heating ferrous 
sulpliatc in tlie air, or more easily by Da ling it with concentrated 
sul)>huric acid; 

jl-V -i SO," JV \ \ ’HgO. 

The anln’drous salt obtained in this way is a e<»lourlrss solid which 
wh<?n strongly heatiNi yields ferric oxide and sulphur Inoxido, 
which is ilsi'lf j>artlv <!eCMni|) 05 i<'d into sulphur dioxnii' and oxygen. 
It is soluble in wafer, and from the solulnm a niinilK-r of liydrates 
can be obtained, Midi as she vio!et iumeulAdrale Fe.^(S04)y.<iHo0, 
but evaporntioi) at high teniixTalarcs leads to the seporation of 
acid and bahic salts. Ferric suljdiate readily forms alums in which 
the aluminium is rcjdaccd by ferric iron, e.g. ferric ammonium 
sulphate, * feme alum/ re4(SO4)j|.{NH4)5SO4.24H20. Solutions of 
this sub.stancc are strongly hydrolysed, and if highly diluted deposit 
precipitates. 


Nit It ATI'S. 

Ferrous nitrate, FcfNOJjtdljO.—Since nitrates oxidize ferrous 
salts on boiling, even in neutral solution, llic preparation of ferrous 
nitrate requires considerable care, and the anhydrous salt has never 
U‘en obtiTincd. It is present in the solution prepared by dissolving 
iron in very dilute nitric acid, and it has also been prepared in 
solution bv llie double decomposition of lead nitrate and ferrous 
su I ph at c in d i I ut e a Icohol. Hy fi 11 ering I his so 1 u t ion and e vapor at ing 
it in the cold it is ]x>S5iblo to obtain fern jus nitrate licxah3^dratc. 
it is very soluble in water, but is dtfronn^ost'd above with the 
precipitation ot ferric hydroxide. 

Ferric nitrate, Fe{N03)3, can be obtained in hydrated form by 
dissolving iron in nitric acid sufficicully concentrated to avoid the 
lormation of ferious nitrate, but not so concentrated as to render 



(rROUP VI11 


795 

the mclal passive. A dark red solultdii is obtained, from which 
concentrated nitric acid precipitates the hydrated salt. The 
anhydrous conjpouncl is unknown. If pcriccfly pure, feme nitrate 
is colourless, but as usually obtained it is iwle violet 

PHOSniATES, 

Ferrous ortbophospliatet is a colourless substance 

nearly insoluble m water and pri*ci|)il:ile<l froni ferrcjus solutions 
by j>hosphato.s inuler carefully roni rolled coin I it ions of acidity. 

Ferric orthophosphate, PePO^.aHjO, U a pule yellow substance 
obtained fnnn ferric Si>lulion.« in a shiul.ir way, or by dissolvin^^ 
iron in concent Kde< I )>hosphoiu at ad an<l o.NKhzinj' the resulting’ 
solution in the air. ll is practically insoluble in water but is 
hydrolysed by U)ilinf' water. 

CAKnoNYLS.— Inui form> three comjxmnds with carbon memoxide 

Iros peotacarbonyl hV(i'())^. is prepared bv tlu* action of carbon 
iiKj/iuxide on lin<*ly-<livi(Usl iron. It is a pale yellow luiind, frec/.inc 
at ^ 20 “^ and iKulini* at lo't”; on stronger healini:j it is decomposed 
into iron and cuiImui rnonoxid(\ The vai*>our density and the 
freezing-point of U'li/ene solutions lH>lh jHiint (o the .simplest 
n\olecul;n weight. 'Ihe action of haloi^ens Xj imHbices compounds 
]*t'(C0)4X.^, wliuh are covalent like the parent carbonyl, but arc 
cf)mi>lctelv dreoni|)os«'d by water info fi*rroiis salt and carbi>n mon¬ 
oxide. In the |H'ntacarbi»nvl (hruinposes: 

2Vc(C())s -1 !:,(( ())*» 1 ro ^ 

Iron eimeacarbonyl, l*e.((*()),,. formed in this reaction is an 

ortiii^a*-colourcd cryslallim' solid, whieh, unlike llu' penliKurbonyl, 

IS insoluble in bt'nzcne or el her, and i,au he isulateil Irom it wiih 

the help o{ these solvents It decomposes on wanning to about 

Too^ or over: r- a . . y*. * . i- 

2Fe,(CO)*^3he((.0)5 f +3(.0 T d hr, 

but at lower lempinalures, and in the (>n*s<*nce of suitable solvents, 
such as toluene, green solutions of iron idrucarbovy/, Fe(CO)4, are 
obtained. This is a green ersst alii tie substance which at 150" 
decomposes into iron and carbon numoxido. The molecular weigh I 
corresponds with the formula rFe(rO)4j3. 

Complex Iro.v Cyanides. 

Iron forms complex anions of great stability with six cyanide groups 
per iron atom. ITic ferrous derivalive.s are calliKl ferroc\^t?tu/%'s and 
contain the anion Fe(CN)/'", the ferric derivatives, or ferncyanides, 
contain the anion Fe(CN)^'". The ferrocyanidcs must exceed the 
ferricyanides in stability, since the fcrricvanide-fcrrocyanide rixida- 
tion potential is slightly greater than the feme-ferrous o.xidation 
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potential. Eorricyanidt^ will oxidize ferrous sjdts to ferric salts, so 
that ferric ferrocyaiiide is produced either by adding a ferric salt to 
a forrocyanide or a ferrous salt to a fcrrkvanide: 

EefCN),'" I VV**—Ee(CN),"" !-EV"\ 

Mo^^o^'<•r, ferricyanides will partially oxidize liydroclilortc acid to 
chlorine: 

2rc(CN)/" 12(:r^2Ec(CK)/'"H ci, t. 

wlKTcas ferric ions will not lil)erate clilorinc from chloride solutions. 

Like many other oxidation-reduction systoins, tliat of feriiryanide- 
fcrrocyanide is marked I v influenced by the liv<lrogen ion concentra¬ 
tion of the solution containing the system: indeed a change from 
acidity to alkalniity reverses tlie ciiaracler tlu* system from 
nducmg to oxidizing pt)wcrs. In alkaline solution tlui oxidizing 
action of fcrricyanide is slmwn in the ec|uatUHi: 

2Fe(CN),'" t 20ir->2EV((:NV'"-| ILOH O. 

Alk:iline s(ihitions of hfrricyankles will lilxTatc oxygen on lioiling, 
whereas in acid solution the change is reversed, and acid ferrocyanide 
solutions are oxidized by the air. 

Ferrocyanides. Many terrocyanidcs arc insoluble in water, but 
those of the alkali- or alkaline-earth metals an* n<»t. The soluble 
ferrocyanides can Ix^ prcpan*d in solution by adding ferrous sails 
to cyanides: 

irc*+h(‘N'->Fc(CNL"", 

wliilc the insoluble ferrocyanides arc usually prepared by precipita¬ 
tion from solutions of |>otassium fcrro(*yanide. In many insoluble 
cyanide's, eg. silver cyanide, and in pnissiaii blue both atoms of 
cyanide ion act as donors: in ferro- and ferricyauides carbon is 
the d<inor atom. 

Poiasi$iu 7 n fnroryanidc, K4Ec(CN)g.3ll20, ‘ yellow j>riissi:ite of 
potash,' is oblaincd in the lalx>ratory’ as descrilwd or by dissolving 
iron in cyanide solutions. It is obtained on the large scale as a 
by-product in the purification of coal-gas. The crude gas contains 
hydrogen cyanide* and some ammonia, from whicli it is freed, in 
one process, by passage through a solution of ferrous sulphate. 
Potassium fcrrocyanide can be obtained from tlie resulting solution 
by boiling it with lime and adding pedassium carbonate, which 
precipitates the calcium as carbonate. It can purified by 
precipitating tlie saturated aqueems solution with alcohol. 

It is a yellow' crystalline substance soluble in water, and can he 
dehydrated by heating; the anhydrous salt is coh'urlcss. Unlike 
potassium cyanide, it is non-poisonous. If strongly heated in the 
absence of air it yields potassium cyanide, cyanogen, and iron: 

K 4 Ee(CN)«^^ 4 KCN+C,N 3 t +Fe. 
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With dilute acid?> bydrr^gen cyauide w obtained: 

lV(CN)/'''4Mrr-0HCN t 4Fc‘\ 

but with concentnited sulphuric ;icid, (o which :i little water may bo 
added with advantage, pure carbon monoxide is liberated on heating: 

r( (CN),'''' + i2ir+(>H,0.-h'c**+6NH4'4b^ t. 

With ivnous solutions, ix>tassiu!n fcirocyanule produces a white 
precipitate of potassium f<‘TTous fcrrocyanide, K2Vc(l‘o(CN)«1, easily 
oxidized by the air, and with fernV solutions a piecipitatc, or in 
very dilute soluturns a blue colloidal solution, ol * prnssian blue/ 
KV*e2(CN)ftAq. TurnbuUs blue is prinliiccd Uom potassium 
forricyanidc solutions by addition of solutions of ferrous salts, 
rcrrocyanidos are easily oxuliz.ed to ferncyanides by chlorine, 
permanganates, and other oxidizing agents, and some of those 
actions are made use of in volumetric analysis. 

I't'ryocyanic (fcU, H4l*'e(CN)e» is obtained as a colourless precipi¬ 
tate by the action of concentrated hydr<«:hloric acid on a saturated 
sol 111 ion of potassinm ferroevanulc. It is .^iluble in water, and 
the solution is strongly add. When boiled it <lccomposes into 
hydrogen cyanide and ferrous cyanide, and the same change takes 
place when the solkl is diird and heated in the absence <>f air. Solu¬ 
tions of fcrrocyanic acid, or the solid substance, arc easily oxidiz<ul 
by the air. 

PrmsiuH blue and TurnhuU's blue, which are insoluble, and the 
50 -called ‘ .sriluble ' blue all have essentially the same composition, 
KjFe2(CN)fl], but contain differing amounts of hydrate water. The 
anion lFe2(('N)a]' owes its exisUmce to the fact that cyanide ion 
ca n d<’ vel (»p t wo, co 11 i n ear co-ordmate links (^ CN -►). Each cy ani di * 
IS common to two structural units, in each of whicli an iron atom is 
surrounded octahedrally by six cyanide groups, but in one set the 
linkages arc of tlie type Fc^CN and in the other Fc-;-NC. Since 
every CN provides two links, and ev^Ty atom of iron receives six, 
the Cfimposition of the anion is explained. In the unit-coil an 
iron atom is found at each of tiio comers of a cube, and a CN group 
along each edge. As this structure is }n*<»Hferatcd to give the 
(macronn>lccular) structure of the actual solid, potassium ions 
necessary fur olcclro-ncutrality are placed in alternate cubes. 
Iron atoms are formally present in equal numbers in the ferrous 
and ferric states, and the clLaractcristic colour is caused by the 
interchangeability of these states. 

Femcy^Jxiies.—PoiassiumfcrricyaHtde, Kj,Fc(CN)|, ‘red prussiate 
of potash/ is prepared by oxidizing ]X)tassinin ferrocyimide in solu¬ 
tion, usually witii chlorine: 

2 Fe(CN)e"" + Cl2^2Fe(CN)e'"H 2Cl'. 
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111 boUin^ scjiutioii t!»it rcnrlion is roviTsiblc. Tlic product is freorl 
from potasMuin cliU»ri<b' by rt*crystnlIiz:ihon, and is a ml solid which 
dissolves Ill water 1o tonn a yellow solution. I'Crricyaiiide solntinns 
arc sln*ljtly liydrolysed and inav )>reripitate ferric hydroxide’, 
}>articulaily it tiu'v me exj^isetl to the They arc mild 

oxidixin^' a^^'ents wliieli will <»xidi74‘ iodid(is, bromides, and to some 
i'xtcnt cliloridos to tlic i‘lenM‘nt and liydn>j;^n siili>lnde to sulphur. 
Wifi I hydrogen ixuoxnU* m nlki^linc solution (p. 341) mutual 
reduction tak<*s place acconlinj^ to the equatum; 

2re(('N)e'"H H/X 2l‘e(CN)«"" | 2lV+0^\, 

I'crricytifnc a a if, l!.iVe(CN)4.» is prcjxired in solution from hydro- 
dilorio acid and silver Jerricvanulc, or us a brown solid by Uie 
cvaiaeration <)f this solution at nxim teinrKTature. 

Ferric thiocyanate, be((’NS)a.3H50. -'rhu addition of soluble 
tlut>cyanates to ferric Sohduui<, which if <hlu(e arc usually acidified 
to avoid hydrolysis, prodncis a ie<l cohiiir so infeii'^c Uial it is Die 
most seusitna* known U*sl f(»r ferric iron. I'Vrnc thiocyanate is 
very soluble in ether, aiul can lx.* <‘\tracte<l fi<im its a<|ueoiis solutions 
with this solvent, ‘riie ethereal sohitiou is deeji nd, and shaking 
with etluT intensilu's the delicacv id thi‘ tlii(K*yanale test for iron. 
l<y evapointing the sidvent dei'p red cryMals ol composition 
l'e((‘'NS).^.311.^0 have Ihtii obtairu'd. bnl their constituti<in, whicli 
nii^hl be rejireseiilid as lH*TM'tt.NS)<.], lias not yet been aseertaineil. 


CoUAIT AND NkKRL 

00 = 58 * 01 ; aloun'c fntmiM'r, 27 Ni=58-7i; atomic number, 28 

History. — (a) ('on alt.—“T hough the name kibaitu, Hpj)lied to a 
certain mineral, has Ixfii found in Assyrian glass-making recipes 
of the seventh cenlnrv D.c., it is iis yet uncertain whether I he word 
IS el ymologically a HU ui ted to cobalt. It is true that cobalt ores were 
used by the Assyrians and Egyptians in preparing blue glass and 
faience, but the name ‘ cobalt' is usually supj)osed to be derived 
from the German Kobold, an evil sprite. Tlicse sprites or gnomes 
lived in the cop|)cr mines in the ilurz Mountains, and took pleasure 
in exposing ores that KK>kecl like C(>p|k.t ores but on roasting gave 
an unpleasant smell and no cupper. Tliese false ores vrerc called 
kobolf! ores or cobalt ores. BifANDT (1735) showed that cobalt ore 
coulainud a new metal, the properties of which were afterwmds 
more fully investigated by Kekomann (1780). 

(/j) Nk’kkl.—A further ore, decepiivdy like copper ore, was 
described by the unfurluinitc Gennan miners as Kupjcrmckcl, i.e. 
' lalse copi>er.' From this ore Kkonstedt (1751) obtained metalTic 
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nickel; it was, however, again P»li<i,mann (1774) who first accurately 
described the metal and certain of its compounds. 

Occurrence and Extraction.—is much less abundant than 
iron. The principal ores arc in Cobalt District, Ontario, Canada, 
where arsenides and mixed arsenides and sulphides of the metal are 
mined. Smaltite^ CoAsj, is also found in (iennany, and cobaltitc, 
CoAsS, in Sweden. Cobalt is always associated with nickel in its 
ores, and oiten with silver. 

The process of extraction adiipled in Canada is briefly as follows. 
The ore is cnislied, finely ground, and smelted in a blast furnace 
with the addition of sand and limesteme fur Ilux. At the end of this 
operation some crude silver has separated, and this is removed and 
refined. The product is rnixesi with common salt and roasted, 
and is then cooled hikI ex tract t^d with water, the cobalt, copper, 
and .some nickel pas-sing into solution as chlorides. The copjier is 
precipitated with iron scrap, and the cobalt and nickel separated as 
liydro.xidch by iJnr uddiituii of caustic soda. The pntcipitate is 
Wijdicfl, dissolved in hydrochloric acid, and treated with calcium 
carlioiiatc to remove anv iron or silica. The filtrate is then treated 
with bleaching powdci, winch prccipitaU'S nearly all Ihe cobalt as 
the hydrated sesipiioxide, leaving nearly all the nickel in solution. 
Prom this oxicU? the metal can be prepared bv various methods; 
either by heating with charcoal, or by Golpschmidt's process, or 
by reclucliori with hydrogen, or electrolytically. 

In the laboratory I lie prejxiralioii of pure cohall or cobalt com¬ 
pounds presents some diihciilly. Kcliabh* methods are available 
for the removal of nickel—c.g. the dimcthyJglyoxime precipitation 

but the last traces of iron are hard to gel rid of. Commercial 
samplc.s of cobalt salts all contain iron, sometimes in (^uite large 
proportions. The process generally reconinnnidcd is to prepare 
I'hluropentainmiiio cobalt chloride, lCoC"l.5NH3]Clj, to purify it by 
precipitating the ammoniacal solution several times with pure 
iiydrochloric acid, and then to use it as a source of pure cobalt 
compounds. 

Nickel is more abundant than cobalt, but much less so than iron. 
The most im|wrtanl sources of nickel are in Ontario, where it occurs 
in sulphides and arsenides associated with copjwr pyrites: and the 
deposits of garnieriU, a mixed silicate of magnesium and nickel 
mined in New Caledonia, are also of commercial importance. 

Tlie extraction of nickel from its ores is a somewhat complicated 
process which varies according to t)ic nature of the ore. During 
the greater part of the nineteenth century no economical method of 
extraction had been discovered, and consequently nickel was little 
used. The discovery of the volatile com]x>und nickel carbonyl, 
Ni{CO)4, in i8yo suggested a method of separation which is now 
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worked on a very large scale, and to which the modern industrial 
importance of the metal is due. 

The Canadian ores arc first roasted in the open, then mixed with 
slag from the converter and smelted in a blast furnace. The product 
is then transferred to a Bessemer converter similar to that used in 
steel manufacture, mixed with a flux, and oxidized in an air-blast. 
This process removes most of the iron as silicate, and leaves a 
mixture of nickel and copper sulphides which is sent to the refinery 
for further treat ment. A largo proportion of the world's production 
of nickel is mad** by I ho Mono carlx)nyl process originally installed 
at Swausi»a in South Wales. 

At the refinery the sul))liides are first roxsted to oxides, and these 
arc then treated with hot dilute sulphuric acid, wlncli dissiilves otit 
nearly all the cupric oxide while leaving nearly all the nickel oxide. 
The product of this pr<x<‘NS is an important source of copper. The 
undissolved oxides are rc<luced lo tlic metal by producer-gas, and 
the metal is then heat<‘<l to alnuit in an atmosphere of carbon 
monoxide. The nickel carbonyl produced is passed into a chamber 
filled with moving nickel shot and kept at 200®. At tlii'i tempera¬ 
ture it is decomposed into nickel and carlnm monoxide: the nickel 
is deposited on the shot as metal of at least y<)*8 p^T cent purity, and 
the gas is used again. After the crude metal obtained by reduction 
lias twice been tlirough the carlxni monoxide process, the residues 
arc worked up for the metids of the platinum group. Nickel can aNo 
berefinedch‘Ctrolytically,an(l in this way can easily be free<l fnnii iron. 

In the lalxiratory pure uickd eomp<iunds can be obtained turn 
hcxammino nickel bromide, INi.bNHjlBr^. 

Uses .—Nickel was put to commercial use many years before 
cobalt, and, chiefly on account of its lower cost, is still of much 
greater practical iin|X)rlance. Nickel and its alloys are hard atid 
resist corrosion or oxidation, and nickel is used on a large scale for 
electroplating, or as an impervious electroplated foundation for 
chromium plating. This is usually carried out in hot ammoniacal 
solution, in which the nickel is present as a complex ion. The 
bright parts of motor cars and bicycles are often nickel-plated. 
Of the alloys of nickel, nickel steels absorb more than half the 
total production of the metal. Of the special alloys, tnvar con¬ 
tains about 35 i)er cent of nickel, with a little manganese and 
carbon, and the rest iron. It has an exceedingly small coefficient of 
expansion, takes a high jiolish, and is very resistant lo corrosion; it is 
therefore much used in watches, clocks, and other apparatus of the 
kind. Platiniic has a higher proportion of nickel, about 46 per cent, 
and a coefficient of expansion equal to that of soda-glass, so it is used 
as a substitute for platinum for sealing into glass. Nickrome 
contains 60 per cent of nickel. 14 per cent of chromium, and the rest 
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iron, and is used as resistance wire and for electrical heating; its 
advantages being its high specific resistance, high melting-point, 
and resistance to oxidation or chemical attack. Of the alloys with 
copper, that containing 25 per ccjit of nickel and 75 jwr cent of 
cupper is used in coinage in the United States and in l£uro[)e, and 
that containing 40 per cent of nickel and 60 |ht cent of copper is 
called constantan and is used m thermo-couples. Monel mrial, 
which contains 60 per cent ol nickel and 35 jkt cent of copi>er, with 
some iron, is very resistant to corrosion and is used in chemical 
plant: it is prepared directly from ores of nickel and copper. 
Finally, German stiver, u.sed in plate and for oniameals, is an alloy 
or copper, nickel, and /.inc which may contain copper 55 per cent, 
nickel 25 per cent, zinc 20 per cent. 

Nickel crucibles are used in the laboratory for alkaline fusions, 
but are inferior to silver crucibU^ for this purpose: nickel spatulas 
ate also popular. Nickel is also ased in the Edisok accumulator. 

Cobalt is principally used in the cobalt steels, suitable for high-* 
speed cutting tools. The addition of cobalt to steel greatly 
increases the magnetic retentivily. Since cobalt is harder than 
nickel, cobalt-plating can be made thinner than nickel-plating 
without loss of protection, and the nickel of nichrome can al.so be 
advantageously replaced by cobalt. An alloy of cobalt and 
chromium is used as a constituent of 'stainless steel.' Cobalt 
oxide gives a hne blue colour to gloss and porcelain, and small 
quantities arc used for this purpose. 

Properties.—Cobalt and nickel are sUver-white magnetic metals 
of density about 8*8, but the cast metals are less dense. Cobalt is 
noticeably brighter than nickel. In the massive form they are 
both resistant to oxidation, but the finely-divided metals obtained 
by reducing the monoxide at a low temperature, e.g. 200'^, in 
hydrogen are pyrophoric. Even in the massive form the metals 
can be supcrfici.illy oxidized by strong heating in air or oxygen. 
They are hard, but malleable an<I ductile. 

The standard electrode potentials of both cob<dt and nickel are 
between —0*277 and —0*230 volt. This means that the metals are 
not attacked by water and only slowly by dilute acids, but they will 
decompose steam at a red heat. In concentrated nitric acid they 
display passivity. 

cobalt and nickel resemble iron in appearance, density, mcltiiig- 
ix>int, and in the possession of magnetic properties, but have 
greatly superior resistance to corrosion and arc also much less 
abundant. The bivalent compounds of the three elements show 
considerable resemblance to each other, as will appear from tl)e 
account given in the follownrig pages, and a further link is aflorded 
by the carbonyls of all these elements. 
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l''iin'ly-cii\‘idcd ustially prcpnriHl by rrducin;; tiu" monoxide 

at a low tcin|KTatiir(* witli hydrof'on, has Icing been used in tlio 
laboralorv as a ra tidy tic ngoiU in tlie bydnigi‘nation of gases: 
thus the cjxides of carixMi, when mixed with hydrogen and jKissed 
over hot catalytic inrkH, are convertiil to methane and water. 
Among the urhest investigators in Cliis held wore San.AriKK and 
SendeiovNS. In more lerent years the process has l>cc‘ii ai)[)li(?d 
on a mainifartnring srali* to the hardening of fats. Tims whale-oil, 
even wfion deodorized, is a liquid m itself of little value, bnt wlien 
mixed with imkel and e\|H>seil to hydrogen under jiressnre it 
lakes ui> the gas and foinis a fat, solid at ordinary tcniiwralnros, 
wlncli can Im* used in the mamilacturc ol soap- thoiigli its ad\'an- 
tages for tins jMirjX)w are cli icily con lined to its low cost. The 
nickel is recovered. |Hin!ied, and ust‘(l again. 

( OMTOUNDS OF (‘ 01 h\LT AND NI( Kh:h,-^Thc rlumistry of 
these elements rcf»on^hle^ that of ir<*n. hut. if their complex deriviitivos 
arc excluded, is les'^ complicated, since the tervnieiit stale so 
important in the stiuly ol the iron com|x»nnds is mcons]MciKJUs 
with cobalt and almost alisimt with jiickc*!, which is incapable of 
fonnmg ii tervalent catkm. Consequently the stability oi the 
bivaU'Jit stale inerc:iM‘N Jiom in*n t<» nickel, aiitl the oxidatmn 
JH den tied is i*8.£ volts, a >cry high value as compared 

willi 077 v<dt lor l’o’”->b*c*’. In the nuinmais and olten lery 
stable oib.Tltic complex 111, the metal is, however, tcnMlenl. 

'Die bivalent cations ol cobalt and jiicfcel, in the presence of 
excess of water, are red and green rfspectivcly. 

Ompes Hyukomdes.—I n addition to the oxides and 

hydroxides in which the elements are bivalent, biith cobalt and 
nickel form higher oxides, though the identity and properties of 
some of them arc uncertain. Qibalt forms compounds Co^Og.HgO 
and Co^jO^, nickel probably only NijO,. 

Cobaitoua hydroxide, CofOH),. is a blue precipitate obtained by 
the addition oi caustic alkalis to cobaltous solutions. It turns 
pink on boiling, and ;i pink solid is directly obtained by adding 
cobaltous solutions to aqueous alkali. Without colouj change eacii 
precipitate gives the hydroxide Co(OH)5 on drying. Tlie blue 
hydroxide is readily oxidized if ex posted to the air, and then turns 
brown. It is not quite insoluble m water; the sc^liibility is abriut 
^ milligrams per litre at 20'^. It will dissolve in concentrated 
ammonia (though less readily than nickelous hydroxide) to fcjnn a 
complex cation, and the ammoniacal solutions arc easily oxidized 
by the air to form cobaltaniminos in which the metal is tervalent. 

Cobaltous oxide, CoO, is obtained liy heating the hydroxide or 
carbonate m an inert atIno^phe^c^ or by careful reduction of the 
sesquioxide in hydrogen at not too high a tcmperatuie. It is a 
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prey solid which on healing 111 i\w air forms tricobalt tciroxidc, 
and is reduced to tlu* niotal by strong heating in hydrogen. 
Both oxide and hydroxide (lissoIv<‘ in aculs. 

Tricobalt tetrozide, Co30^, is a bl.ick s^^lid which, unlike the 
corrcsjvindiiig oxide of iron, is not magnetic. It is obtained by 
heating any other oxide oI cobalt in the air, or by strongly heating 
cobaltous nitrate. It is an oxidizing agent which lilieratcs chlorine 
Worn hydrochloric acid. 

Cobalt sesquioxide, (*>.^0^, exist.s only as the inoiuOiydrale, a black 
subs lance obtained by heating o*ballous nitrate very gently. When 
heated in tin* air it vielrls Incolxilt letroxide. 

Cobaltic compounds, riic hydra!e<l scMiuioxide is the only stable 
sirnjile col);dlie conunmiul. C'ohaltic alum, {NIl4)(4»(SO^)g.l2HjO, 
can he prepared as bhu* crystals by ainHhc oxhiatirai of cobaltons 
sulphate, with sulKiHjijent addition at (»f excess (d ainuioninni 
sulpliatc. Since the oxidation judential C.o***-'-C(i*’ is 1*^2 volts, 
<‘j)hallic solutions are very iK»wiTful o.xidizing agents. They decoin- 
pose <jn gentle warming, lilKTatiiig eilluT <j\vgcu <jr an (jxidatitm 
pr<Khiet o\ the muons ]>rcsein — c.g. ehlorinc Iroin chloride. It is a 
remarkal>li‘ b'stitiKun* lo the .slabih/iiig ellect of co-or<linatioii that 
>Nhile C(jballr>7r.s miuplexes are rather unstable, those of ter- 
N'alent rolialt are |K*T)iaps inon* stable than any other group of 
complex substances: for example, u»ld concentrated sulphuric 
acid <h>es not remove ammonia I rum liexanunino-cobaltic chloride, 

Nickelous hydroxide, Ni(0U)2, is an apple-green precipilatc 
(obtained by adding eaustio alkalis to nickel solutions. It is rather 
more s<ihil)le than coballuus hydmxide in water (about 13 milli- 
g'rains per htr<‘ at 20') and differs from it in being fn^ely Sf>liible in 
ammonia, to form the blue nickebainiiionia comjdex ion, though it 
is precipitated from the soluUon on lx)iling. It is stable in the 
air. 

Nickoloua oxide, NiO, is prepared by luxiling tfu* hvtlroxiclc or 
the carbonate, or by iieating the metal in steam io a red heat. It 
Ls a green solid which gn>ws yellow mii heating, easily soluble in 
acids, and easily reduced by heating in liydn^gen. 

Nickel sesquioxide Ls iK)t known with ce^ta^nt3^ 'Hie black 
substance obtained by adding alkaline hypfjchlorites to nickehnis 
solutions is l>elicved to l>c a liydrate and a similar 

pniduct can lx? obtained by heating nickelous nitrate very gently, 
or by bubbling chlorine tlinnigh a suspension of nickel hydroxide. 
It is an oxidizing agent which with acids hlx*rates ox*ygen or an 
ox id at ion-product of the arid. When (his hy<lratc is carefully 
heated in vacuo at nlxiut 140' it steadily loses lx>th oxygen and 
w'ater until the cuniix»sitinn reaches that of NiO. It has been 
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bu^ftesicil tliat an oxide of coin}>osition NiO, may be present in the 
•jxidized precipitate but no confirmed evidence for this ]jas been 
produced. 

Carbonates.— The addition of carbonates to cobaltous or nickeloiis 
solutions precipitates basic carbonates, but hydrated normal car¬ 
bonates arc obtained if a solution of sodium hydrogen carbonate 
is used as the precipitant. Cobaltous carbonate is pink, nickelous 
carbonate green. 

Hamuks,—T he cobahous and nickelous halides may be prepared 
by the usual methods, though the attack of the halogens, other than 
fluorijic, ou nickel and cobalt is vigorous only if the metal is finely 
divided and heateil. The compounds are salt-like and have high 
or fairly high niching-points. The hydrates can be prepared by 
evaporation of the solutions in the air, but on further heating these 
yielil basic salts unless the air is replaccxl by the hydrogen halide: 
this applies even to the fluorides. The cobaltous halides show 
greater evidence of covalency than the nickelous halides; cobaltous 
chloride, for example, is soluble in ether, hut nickelous chloride is 
not, and a)baltous chloride also appears to be the more volatile, 
and in its stdutions to be the more inclined to the formation of 
complex ions and undiss<Kiated molecules. The chlorides of iron, 
nickel, and cirbalt arc all soluble in alcohol. 

All the halides ;ire soluble in water, though the anhydrous fluorides 
are only slightly soluble. They all form hydrates. 

Cobaltous fluoride. Col*',, is a ted substance which can be prepared 
anhydrous by heating cobaltous ammonium fluoride, CoFg.aNH^F, 
in the absence of air. This double salt is prepared by fusing 
anhydrous cobaltous chloride with cxces.s of ammonium fluoride. 
Cobaltous fluoride melts at 1200®-1300** and can be boiled at 
about 1400®. The dihydratc CoF,.2lI,0, soluble in water and 
prepared by the usual methods, is decomposed by boiling water to 
form a basic salt. 

Cobaltous chloride, CoCl,. is prepared anhydrous by heating the 
hexahydrale in a current of hydrogen chloride. It can be freed 
from less volatile impurities, but not from the chlorides of iron or 
nickel, by subliming it in a strong current of hydrogen chloride or 
chlorine (the highest temperature of a gas-burner is required). 
Tlic product avidly absorbs water, by which it is hydrolysed at 
temperatures above 100® or so. At room temperature the stable 
ft)rm is the red hexahydrate CoClj.bHgO, which when gently heated 
yields first the pink CoCl,.2H,0, then the violet CoCl,.H, 0 . and 
finally, at about 120®, the bright blue anhydrous salt, which wjII, 
however, be contaminated with oxide unless the final heating has 
been carried out in hydrogen chloride. 

Anhydrous cobaltous chloride dissolves in alcohol, ether, and 
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some other organic solvents to form blue solutions. Cryoscopic 
measurements on these indicate the existence of double molecules 
at low temperatures, dissociated into single molecules on heating. 
The colour of the aqueous solutions has received much attention. 
These may be either red, blue, or any intermediate shade of purple, 
the blue colour being favoured by high concentration, high tempera¬ 
ture, and the presence of free hydrochloric acid. Attempts to 
account for these changes fall into two groups: according to one 
view the red cobalt ion is more hydrated than the blue one—the 
formulae Co.hlljO*’ (red) and Co.4H,0*‘ (blue) have been suggested 
—and according to I lie other the hydrated cobalt ion is red, and the 
blue colour is due to either undissociated molecules, or, more pro¬ 
bably, to complex ions which may l)o CoCl|". The observed facts 
are too complex to be accounlecl for by either of these theories 
alone: tliey are probably both correct. The cohiur-changes have 
been used in sympathetic inks—dilute solutions of cobalt chloride, 
pink and invisible in the col<l, but blue on heatiiig—and in toys 
containing strips of j>ap<»r pink m wet weather but blue in dry 
weather. 

Cobaltous bromide, CoBr,.—Numerous hydrates of this salt have 
been prepared, among them the reddish*purple CoBrj.OHaO and 
the bluish-purple CoBr^.aHjO. The anhydrous salt, obtained at 
130®, is bright green. The molecular weight of anhydrous cobaltous 
bromide in organic solvents corrcsjiomls witli the simple formula 
CoBfg. 

Cobaltous iodide, Col2. is a black substance obtained by union of 
the elements, or in solution by the action of water ami iodine on 
cobalt powder. The hexahydratc Col2.bn20 is dark n*<l and so are 
the cold dilute solutions, but the hot solutions are green. 

CobalUc halides. — The oxidation - potential of the change 
Co”'-►Co**, 1*82 volts, exceeds the standard electrode potentials 
of all the halogens except fluorine, so only the fluoride can be 
prepared. 

dobaltic fluoride, C0F3, i,s obtained by union of the elements, or 
by electrolytic oxidation of solutions of cobaltous fluoride in con¬ 
centrated aqueous hydrogen fluoride, as a green jxmder deposited 
at the anode. Water decomposes it to form coballic hydroxide, 
which, like ferric hydroxide, appears to be a weak base, but it is 
soluble in concentrated sulphuric acid to Firm a brown liquid 
which decomposes on warming. On heating, it gives cobaltous 
fluoride and fluorine. 

Nickelous fluoride, NiFt. is prepared by the method used for 
cobaltous fluoride: it is a yellow substance with a high melting- 
point. Green hydrates soluble in water have been prepared, 

Nickelous chloride, NiCl2. is yellow when anhydrous, but the 
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well-known hexahydnite, NiCl2T)HjO, is groen. The anhydrous 
salt is converted lo oxide, evolving chlorine, if heated in the air, 
but in the absence of air it can be sublimed at a high temperature. 

Nickelous bromide, NiBr^, is yellow when anhydrous. The addi¬ 
tion of ammonia li> a concentrated aqueous soh]tij>n precipitates 
vioiol crystals of Ni(Nlla)^.Br2. Since the corrcsjx>nding compound 
of cobalt is soluble hi water, this is a good method of preparing pure 
nickel compwunds free from iron and cobalt. 

Nickelous iodide, Nil^, is black when iuiliydrous, but the liexa- 
hydratc, NiIj.OHgO, obtained by eva|)oralion of the aqueous 
solutions, Is green. 

Sulphides.—H ydrogen sulphide has no action on slightly acid 
solutions of cobait or nickel salts, but ammonium sulphide prodiiCKt 
black precipitates of the hydrated inono}>vlphidcs CoS and NiS. 
It is remarkable that these prccipilates will not dissolve in dilute 
acids, though they cannot be precipilaletl from acid solution, 
The explanation of this phenonien<m is IxOievod to lie in the trans¬ 
formation of the snlpliidc, as so^»n iis it is precipitated, into a more 
stable and less s<)lul)Ie form. In confinnation of this view, three 
different nickel monosnlphides have been prepared, one soluble in 
dilute acids, the other tw<» not stduble. Neither coindt inono- 
sulphiclc nt^r nickel monosulphide is so easily oxidized by the air 
to the sulpliate as is ferrous sulphide. Several higher sulphides 
of cobalt and nickel have lx*cn descril)cd. 

Sulphates.—T he anhydrous sulphates of cobalt and nickel, 
C0SO4 an<l NiSO^, unlike the halides, can be prepared by heating 
the hydrates in the air: this is Ixjcausc sulphuric acid, l)cing less 
volatile than the hydrogen halides, is more effective in preventing 
hydrolysis. They can both lx* prepared in solution without 
difficult V by the usual methods. 

Cobalt0U5 sulphate, C0SO4. when anhydrous is a red substance 
stable up to 700^" and only slowdy dissolved by water. Cobalt is 
swimetimes weighed in this form, but all the water is expelled from 
the hydrates of cobaltous sulphate only at 250” or over. The 
hydrates C0SO4.6H2O and C0SO4.7H2O, likewise red, are very 
soluble in water, and several other hydrates have been prepared. 

Nickelous sulphate, NiS04. is yellow when anhydrous, while the 
hydrates are green or blue: it resembles cobaltous sulphate. Nickel 
ammonium sulphate, NiS04.(NH4)2S04.6Hj0, prepared from solutions 
of nickel sulphate and ammonium sulphate in sulj)huric acid, is 
much used in nickel-plating. If is le.ss sjjiuble m water than is 
nickel sulphate. 

Cobaltic sulphate, Co^fSOJa, is prepared by electrolysis of a 
solution of cobaltous sulphate in sulphuric acid, when it is pre¬ 
cipitated in pnlc blue crystals nt the platinum anode (high oxygen 
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over-voltage). Tlio action of ozone on such a solution yields a 
.similar product. It (lis.v>lvcs in water, but the (Us.soived silt slowly 
oxidizes the water to oxygen; llie unstable solution is blue. An 
ammonium alum of lervalent cobalt has also been pre[):ire<l by 
electrolysis. 

Nitkates.—T hese salts can bt' prepared without diliicully in 
solution, or as hydrates, but (he isolation of the ardij'drous com¬ 
pounds is not easy: it is accomplished by the action of nitrogen 
)>t‘Titoxide on the liydrates. 

Cobaltous nitrate, CofNOj)^, is, when anhv<irous, a pink sul> 
slance which decomjxist^ at alxnit lou^. 'Phe i<td hexahydrate, 
Cc)(NOjj);,.f)H/>, is \a*ry soluble in water, ami is one <if the nun- 
tnoncst compounds of a»balt. When gently heat is 1 it yields 
c<d>alL scw]uiuxi<k\ 

Cobaltic iiitrale is unknown, at any rate iJi the mjIuI slate. 

Nickelous nitrate, Ni{N()j)g, is when anhydrous a greeuisli-yellow 
.substance otherwise resembling cobaltous nitrate. 'I'lie green 
hexahydrute, Ni(N0g)j.6H20, is very sr^luble in water, and resembles 
cobaltous nitrate hcxahvdrate, but when gently heated yields 
(probably) nickeL-e‘‘<[iiio.\ide (hydiabni). 

Complex Nituiiks.--C obalt forms a htics <»l salts called the 
coballini(rilc% in which it is tervalent a ml pn*sciit in a comple.v 
anion, Co(NC)5)g'"; a few* similar compounds of iron and of bivalent 
nicki'l have been prepared, but they are ol minor importance. 

Potassium cobaltinitrife, K:iro(N02) g, is precipitated in tlie 
iiydruted form when a solution of potassium nitrite is mixed with 
a well-cooled and faintly acid (acetic acid) solution of a cobalti*u-s 
salt. Some of the nitrile is consumwl in oxidizing the cobalt U> tlie 
tervalent state. The yellow hydrateil salt is insoluble in water 
and has been used as a jagment; il is sonielime.s called ' I'isciiek’s 
salt ' after its discoverer. Nickel cannot be oxidized in this way 
to the tervalent state, and in such solutions forms no insoluble 
derivative, so this compound pio\*icles a method of se)«irating cobalt 
from nickel. T])e corresponding sail of sodium is soluble in water, 
but not the ammonium salt. Many other cobalti nit rites have 
been prepared. 

Complex Cyanides.— Both coUallous and nickelous solutiojis 
yield with cyanide solutions a precipitate of cobaltous or nickelous 
cyanide, Co(CN)j or Ni(CN)j, soluble in excess of cyanide with 
the formation of complex ions. But whereas the c<d>altocyani<lcs 
contain the violet ion Co(CN)g"" and recall the f err oc van ides, 
the nickclocyanides contain the yellow ion 'Ni(CN)4" and are not 
]>arlicnlarly stable; their solutions have the reactions of nickel 
ions. There is, however, a considerable difference in the relntivc 
stability of the two- and thR‘e-valent states in the crnnplex 
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cyanides of cobalt anil iioii, and it is remarkable that the cobalti- 
cy an ides are much more stable than the cobaltocyanidcs, whereas 
with iron the (crrocyanidcs arc rather the stabler. The oxidation 
potential of the change Co(CN)/"—^Co(CN)g"" is ncf^alive on the 
hydrufjen scale, and if cobaltocyan’dc solutions are boiled they 
liberate hydrogen, while in the cold they will absorb oxygen from 
the air. Many of the cobaltocyunidcs are insoluble in water, and 
can be precipitated from salt solutions by llic addition of a solution 
of potassium coballocyankle. 

CobalCicyanides .—Potasisiwn cohal/icyanide, K^CofCN)^, is obtained 
in solution by boiling a solution of potassium coballocyanide: 

2Co(CN)e""H 2lU0 -zCo{C}i)r+20U'+H, \ , 

or b)' exposing it to the iiir, when it absorbs oxygen to form the 
same product. The ci^haltocyanide can be precipitated by alcohol 
from the sr^lulion obtained by aiUling potassium cyanide to a 
cobaltous solution until the precipitate of coboltous cyanide 
dissolves. 

Potassium cobalticyanidc can be obtained in yellow crystals by 
evaporation (jf its solutions: it is isoniorphous with potassium 
ferri cyanide. 

I'nhalticyanic anU, HsCo{CN)c, is prepared from potassium 
cobalticyunide and dilute sul]dniric acid. Alcidiol precipitates 
potassium sulphate from this solution, and the concent rated lilt rate 
do|>osits coballicyauic acid moiiohydrate, H3Co((’N)«.H^O, from 
whicli the water can be ex|K*lled by cautious warming, rhe product 
is a colourless substance, strongly acid in solution. Numerous 
cobalticyanides can be prejxired. 

Since tlie ni<*kclrK:vanide.s are much less stable than Uic col)alli- 
cyanides, nickel can be precipitated from mixed cyanide solutions 
by reagents which leave the atbalt uuaflected. LlEUlc’s separation 
of cobalt and nickel dqxjnds on the me of bromine water for this 
purpose. Under suitable condititms it precipitates a hydrated 
oxide of nickel, probably the sesquioxkle, but leaves the cobaltb 
cyanide uncliangid. 

Cakbonyls.—C obalt forms two carbonyls, but they are less 
easily prepared and more easily decomposed Ilian nickel telra* 
carbonyl. 

Cobalt tetracarbooyh Co2(CO),i. is preixired from ccjbalt |X)wdcr 
(obtained by reducing the oxide in hydn>gcii) and carbon monoxide 
at 40 atmospheres pressure and 150®. It is an orange crystalline 
solid melting at 51®, only slowly attacked by water or moist air. 
Cryoscopic measurements on the benzene solution lead to a double 
molecular weight. 

Cobalt tricarbonyh Co,(CO),j, is a blac k solid prepared by heating 
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the tetracarbonyl to Go®. On hcatini?, it decomposes into cobalt 
and carlK>n inf>noxidc. 

Nickel tetracarbonyl, Ni{rO)^, is the only kmnvn carbonyl of 
nickel. It is prepared from rodiiml nickd and carbon monoxide 
at about 40^, and in practice it is convenient to work at increased 
jm'ssure. The product is a colourless liquid freezing at —25® 
and boiling at 43®; the vajKnir has the normal innk'cular weight. 
I)ccuinp<isition at atmos])hrric pressure is complete at 150® or 
therealxnits, but by raising the pressure it is jxissible to preserve 
the carbonyl at much higluT temperatures. 

Nickel carbonyl is insoluble in water, but slowly Ulcerates hydrogen 
from acids: 

Ki{CO) 4 H- 2 irrvNr H tCO t -HU t. 
nnd is decomposi d by halogens in the ]»rc.sencc of water: 

Ni(rO)j |Cl5 NiCU+.trOf. 

It plays a very impi»rlanl p.irl in the exlraclion of nickel (p. 799). 

Nickel dimetbylglyosiine, Ni(r4]UO«N^2. appears as a scarlet 
])recipitate when dimetbylglvoxime and ammonia are added to the 
solution of a mckcl salt 'hus is a delicate test for nickel, nnd tlje 
reaction can also he used for the stqniration of cobalt and nickel, or 
ff)r the e.slimation of nickel, as the scarlet .substance cun l)e dried 
and weighed. 


KorHENlUM. Uhodjitm. Paiiadiom 
Ru“ioi*i; aUmiic mw/her, 44 Rh io2*qi; aiomic number, 45 

Pd lo(e4; alotnic nuftiber, 4t> 

These are all rare elements, though palladium is commoner than 
the other two. Kntbenium was disrj>vcred by Osann in 1828 in 
minerals fn^m the Ural Mountiiins, rhodium ami palladium in 
1804 by Wou. ASTON in platinum ote.s. 

Occuirence and Extraction. is obtained from osjniri- 

dium, a naturally-occurring alloy of wbicli some samples contain 
5 i^er cent fd it or even more. After most of the osmium has been 
dislii'ed ofl as tile volatile tetroxid<’ (p. 817) the residue is evaporated 
to drvness with ammoniiiTn chloride and a little nitric acid, leaving 
a solid consisting principally of ammonium hexachluro-iridatc, 
(NH4)*IrCle, but also containing the ruthenium as ammonium 
hexachloro-ruthcnate, (NH4)2RuClg. I'his is strongly heated, when 
chlorine and ammonium chloride arc expelled, and the finely- 
divided metals remain. Tlicse are heated in a silver cnidblc with 
fused caustic jx>tash and potassium nitrate, which convert ruthenium 
to soluble jxitassium nithenatc, K2KUO4. The product is extracted 
with water, which dissolves the ])otassium ruthenate but leaves the 
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iriclinm, and the rutheiiuim is prccipitaled as oxide by the additicni 
of nitric acid, l^'rom (hLs the met^ can bo obtained by reduction 
with liydro^'cn or by various other processc*s, but the product is 
not very pure. Traces of osmium may l>e removed by heating the 
nieta! or the oxide in a current of oxygen at such a temperature 
that osmium volatilizes as the tetroxide, while the ruthenium oxide 
remains iMihind, for the volatile ruthenium tetroxide is not produced 
in these conditions. The ruthenium oxide is reduced to the metal 
with hydrogen, converted as before to potassinin ruthenate, and 
dissolved in writer. A current of chlorine Is then passed through 
tlie hot s( 4 uliou, converting the ruthenium to volatile ruthenium 
iclroxidc, KuO^, which distils over ami is collected in caustic polush, 
h'rom this solution pure nuhcniuin can l)C obi aim'd by reduclioa 
with alcohol, 

Rhodium is obtained fiom liie platinum <uts of South Amoricn 
(Cj)iunibja), llie l^rals. and linlisli C'(»hinibia. When the platinum 
has been precipitated as ainmoniuni hcxachl<iro-))latinale, 
{Nll4)2PlClft {p. hz3), the hi Irate is treated with iron, whicli pre¬ 
cipitates rhodium and other metals of the platinum group. The 
isolation of rhodium from this mixture is a lengthy pn^ccss whicli 
vanes according to the metals present; the most effective method 
dep(uu]s on the fact that metallic rhodium is insoluble in boiling 
aqua regia. 

Pulladtum is deriveil from several sources, though none of them 
is abundant. 1'lic most im|x>rtaiit is perhajis the residue from 
the extraction of nickel by the Mond process. Palladium can easily 
bo separalcd from the other metals of the platinum group as the 
insoluble pailadiuin iodide. Pdl^. Palladium is also extracted from 
ceilain platinum ores and fn»m porpesiU, a i 3 razilum alloy of palla¬ 
dium and gold. This is fu^cd with silver iind extracted with dilute 
nitric acid, which leaves the gold unaflecte<l. Fallailium itself is 
insoluble iu the dilute acid, but its alloy with silver will dissa^lve. 
The silver is easily removed from the solution as silver chloride, and 
the jialladium can be precipitated with zinc. Palladium is purified 
by adding hydrogen chloride to its aminoniacal solutions; this 
precipitates ihc compound PdC4.2NH3, insoluble in whaler but 
soluble in aininonia. 

Metals. -The metals can be precipitaterl without diflicully from 
solutions of their salt.s. They are oil hard; ruthenium is grey, 
rhudiiim and palladium silver white (compare iron, cobalt, and 
nickel). Tlie metals can all be obtained in the finely-divided or 
sfv>ngv form by healing the ammonium complex chlorides, and can 
also l>e prepared in colloidal solutions of high catalytic activity. 
The metals arc all very resistant to corrosion, though they can be 
oxidized by healing in oxygen or air, and are also attacked by fluorine 
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and chlorine. Tlicy are resistant to acids; ruth an'urn dis'scilvc'- 
only slowly in aqua regia; rhoilirtm will not disscihe even in lx>ilirig 
ju[ua regia, though some of its a Ho vs will; palladium, however, 
dissolves in hot conccntratc'd aciiK and even in roKl con cent rated 
nitric ncicl. 

Uses. -The rarity of thos*.' metals prevents any extensive use 
being made of them. Rhodium has Ikh'II used in thermo-con pies, 
and, alloyed with platinum, in the manufacture of crucibles, which 
lose less metal by volatilisation at high leinjx'ratnres than do 
platinum crucibles. Alloys of piilladium and gohl have also been 
use<l as substitutes for platinnin in Ihc uiaiuifacture of lalKirattjry 
appviralus, 

Thk Compovnos oi- RrnncNnJM, KH()nui.M. and Pamadh.'M. 
• Like all the transition elements, these metals tlisjilay several 
valencies, and their clxmiistry is in conw^tjuence sonu'W'hal involved. 
For a detailed account the large works of rx^ferenci* should he 
eonsulle<l. As is found with cobalt, and even with iron, the 
existence of complexes, very numerous with these elements, greatly 
aifects the stability of the valemies. Kutheinum in its iKduiviour 
recalls both iniinganesi' and iron; its stablest valencies arc (hroe 
and four, but it eau also have valencies of two, six, seven, or eight. 
Like rhodium and palla<hutn. it forms complex .salts with the 
cyanides; thes<' contain tlie ion Ru(CN)r"" and are analogous to 
the ferroryanides. The complex chloride ainons have the formulae 
Ruf’lft'' and RuCl^", and in the former the metal ls tervalent, but 
ruthenium forms nn alums. In rluKlium the valency of tliree seems 
to be more stable, especially in aimplexes, than it is in ruthenium; 
thu.s the very stable complex cyanide contains the ion Rh(CN)fi'", 
analogous to the fcrricyanides, and unknown with ruthenium; the 
chloride comple.xes are KhQ^" and RhCl*"' (compare RuCl«"); and 
rhodium forms alums, as well as a vellow potassium rhodinitntc, 
K3Kh(N02)6, insoluble in water, and .strongly recalling potassium 
cubaltinilrite. In addition to this valency of three, rluKlium has a 
valency of ftmr, must clearly shown iu the dioxide, am! possibly a 
valency of two. 

In palladium, as in nickel, the principal valency is two. but there 
are less consiiicuous valencies of three and four, occurring almost 
exclusively in complexes. The ion of the paJladocyanides is 
IMff'N)/'. and the chloropalbdite complex is Pd<'I/', Imt Pdt'l,/' 
and Pd Cl 4,'' are also known. Rlu^dium and palladiiini r(*senibi<‘ 
cobalt, and also iridium and platinum, in the variety ami stability 
of their amniinc derivatives. 

Our account of the romjvmnds of the three elements must be 
practically confined to the principal oxides and hy<lrtoxides and 
chloride.s, but we may first consider the curious Whaviour of 
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palladium with regard to hydrogen. Palladium will absorb lai^c 
volumes oi the gas, and if water is electrolysed with a palladium 
cathode, considerable quantities of oxygen are set free at the anode 
before any hydrogen appears at the catholic. The gas can be 
completely removed by heating the metal in a vacuum. The many 
researches which have lx.'cn devoted to the subject have shown that 
the absorption is not a truly reversible one, and thU has made its 
investigation very difficult. It is now generally believed that 
definite hydrides are formed, and that these compounds are capable 
of forming a solid solution in piilladium. The permeability of 
palladium to hydrogen has boon made use of in research, and 
ruthenium and rhodium shaie this projH.*rty of absorbing the gas, 
though to a lower degrt'e. 

OxiDKS AND HydkoxidivS. —Several o.xides of all these elements 
have been described: we shall deal only with I lie more important. 
On account of the rarity and cost of these elements, the chemistry 
of their compounds has not bc*en investigated so thoroughly as 
might be wished. 

Ruthenium thbydrozide> Ku{OH)8, is a blnckiNh-brown pn t ipilale 
obtained by the addition of caustic alkalis to solutions of Icrvalent 
ruthenium salts. It is oxkliyx'd in the air, and can lx: reduced to the 
metid by warming in liydnigcn at 40®. 

Rutheniom dioxide, linO^, sublimes when ruthenium is strongly 
heated in oxygen, and can be obtained in this way from osmiricinnn. 
It is, however, less volatile than osmium letroxide, OSO4, a fact 
which is made use of in the separation of these elements. The 
dioxide is insoluble in acids, but when heated in the air with fused 
caustic potash it is oxidized to a rulhcnaU (com]>are manganese): 

2KuO,+4OHM-O,«2Ru 0/'4-2H80 t. 

The ruthenates contain the ion KuO/' and are consequently derived 
from the unknown ruthenium trioxidc, RuO^, an intere.sting 
resemblance with the ferrates. Potassium ruthenate is also 
prepared by heating ruthenium with caustic potash and potassium 
nitrate, and dissolves in water to form an orange solution easily 
oxidized to a green solution whiclj contains a perruiJienate. The 
perru the nates contain the ion KuO/ and correspond with the 
permanganates, the ruthenates with the manganales. 

Buthenium tetrozide, RuO^. distils off when a solution of a 
ruthenate at 90® is oxidized by chlrvine: 

Ku 0 /'+C)*=^Ru 04 t -f zcr. 

It is a yellow crystalline substance which melts at 26®, and at 106® 
loses oxygen to form the dioxide. It may be compared with the 
volatile but more stable tetroxide of osmium. Roth of these tet- 
roxides are exceedingly poisonous. It dissolves in w'ater apparently 
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without producing either an acid or a liaso (r^>m)>arc osmium 
tctroxide). 

Rhodium trihydrozide, l<li(OH)3, is a yellow compound prepared 
by the method used h;r nithciiiimi trihydroxid<*; it dissolves in 
acids to give pink solutions of liuKliiiin salts (compare cobalt). 

Rhodium sesquiozide, Kh^Oj.—This <jxnle is the .solo product of 
heating the meUil, its nitrate, or chl<»ride in air or oxygen at about 
(joo®. It is a grey, crystalline solid, insoluble ni aciiN. 

Rhodium diosidCt RhOj.-The hydrate, KhOs-HijO is produced 
by anodic t)xulatioa of an alkaline s<ilution <d tlie hydroxide, 
Rh(OH)a. 

Rhodates containing the ion UhO/' are known, and give blue 
solutions, but they aiv much Ic.ss stable than the ruthenates, and 
no fverrhodatos have Ix'cn prejxircd. 

P&UadouB oxide, PdO, js a brown or black substance precipitated 
from palladons solutions by caustic alkalis, or (obtained simply by 
hydroly.sing the solution of a palladous s;iit hy binling it. These 
methods yield the liydrated sul>slaiir^; tln‘ anhydrous o.xide can 
be prepared by igniting jKdkulons nitrate. Palhulous oxide is 
readily reduced by hydrogen in the <*i»ld. 

Palladium sasquiozide, ^<120^. is obtanuHl by electrolytic oxida- 
tion of palladous solutions, but is nnstablc, and yields a palladous 
soluthm (which is further oxhh/4'd by electr<»lysis) and the dioxide. 

Palladium dioxide, PdO^, can lx> otttained by electrolysis as just 
describcil or prec)j>itated from alkaline chloropalladite solutions 
by o/AiUo: 

PcK'V' I O, ( 20ir- -rdO^I H O.t 1 4CI'-bH.O. 

It is an unstable bumm siihstani*e with oxidizing pro|x;rli('s. 

I [.aIDES— Ruthenium trichloride, KuCIj, is pieparcd bv the action 
of lij'drochloric acid on the tetr<».\i<lc or trihydroNide. It riissolvcs 
in w'jiter to form an orange solutioi: which on healing turns black 
and deposits tlic hydroxide (c')Iii|mr* h'lric chi< j ride). 

Chlororuthcnitcn, .such a-s I\«Ku('l., arc prepared from cold conc'cn- 
trated solutions of niihcniuni Irieliloride and othei chlorides (e.g. 
potassium chloride), and chioronithomfcfi, such KaKuCl4„ have been 
prepared by the action of hydiochlonc add on rutlienules, and the 
hydrate, Ruri4.5li„0. i.s known. Tlie clilororutlienates are decom¬ 
posed by water, 

Rhodium trichloride, Rhf'lj, is obtained by heating ammonium 
hexachlororhoditc, (TslI^laUhClft, when it splits up into ammonium 
chloride and rhodium trichloride. Tlie anhydrous substance thus 
obtained is red and will not dissolve in water or acids, but a soluble 
hydrate can be prepared by the action of hydrochloric acid on 
rliodium trihydroxide, or by precipitating sodium chloride from 
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sodium Ijcxuclilurorhoilitc, NoaRbd^, with hydrorliluric acid and 
coiux'iitralin^' tljo Milution. l»otU licxat-hlnrurliodites and punta- 
ddoror!a;dih'S {which contain the ion KliC’l/) can Ik‘ obtuincd froin 
mixed clilorid<' solutions. 

Palladous chloride, l\iru, is obtained by union of the clemc ;ts, 
it IS dr‘Composed when iiojlcxl to 250and can be reduml 
to the metal in Uie cohl by hydnjj^a'n. In a cm rent r)f chlorine U 
can bo distilled at a red heat. It h»rnis dark red crystals, deliques¬ 
cent and soluble in water. When mixed with potassium chloride' 
solid ions nnd concent ralerl, (he solutions dejxjsit fK^tansium 
p^dl^uiiti\ in ri\\ crystals which, like paliiidons chloride, 

jeadily decoiniM»se on heating- Although 110 other chloridr* nf 
palladium is known, cranplex salts called ehloropalladates, in w'hich 
the mc'lal is <|na<lti\alent. have been pn‘pare<I. l*o(itssium chlnvfh 
pnll<uiiiU\ K^lMdn, is<»htaiiu‘d by passing clduniie tlirou.i»h solutions 
of potassjinn clilon^palladite, and forms red cr\slals soluble in 
watiu*. ttM>iifih 11 le Mentions are not very stable. 

Palladous iodide, Pell,, is a black substance prcc]]>itatcd bom 
palladous solutxms by soluble iodides. As it is insrduble in watrT 
It is nsedul in the st*jwr 4 ition of palladjum from related elem<*ids. 
Like all |)alladnim sails it yields the meUil on strong heating. 'I'lic 
insolubility of the iodide is one of the resemblances iK'lween tlm 
adjacent eicniculs paUadium and silver. Since the standard elec- 
Irodo poUuilial of palladium. +0*82 volt, like that of silver (+o* 8 o 
volt), exceeds that of iodine, which is only + 0*53 volt, it would 
not be po.ssible (or palladous iodide to exist in solution except m 
very low concentration. 

Falladium trifluoride, FdF„ can be prepared by exposing palla¬ 
dium, or palladous chloride, to tiie action of fluorine. 


Osmium and Iuidujm 

Os--:iQO‘2; altmtic number, 76 lr=iQ2*2; atomic ttawber. 77 

Occurrence and Extraction.— 1 'hese rare elements wore discovered 
by Ti£NNant in 1S04. The principal source is osmiridium, an alloy 
found in Colombia (South America), the Ural Mountains, and New 
South \\'ales, and containing from 20 per cent to 40 per cent of 
osmium, with most of the rest iridium, and small quantities of 
ruthenium, rhodium, and platinum. 

Thfi osmiiulium is liret heated with zinc, with which osmium forms 
an alloy, and the product cooled and crushed. It is then ]>laccd in 
an earthenware crucible and strongly heated with a mixture of 
barium peroxide and barium nitrate; this treatment brings all the 
metals present into solution. The product is dissolved in dilute 
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hydrochloric acid, and sulphuric acid is added to precipitate the 
barium «is sulphate. This is filtered off, and the filtrate is treated 
wilii nitric acid to oxidize to the tetroxide, OSO4, any osmium 
which may he in a lower state of oxidation. Tlie solution is now 
lx)iled, when nearly all the osmium distils off as the volatile 
tetroxide. hhe iridium and any ruthenium which may l)e present 
remain in the solution, and are obtained in the metjdlic state as 
described under ruthenium (p. 80*)), When these metals arc heated 
witli caustic potash and potassium nitrate, a potassium iridate is 
pr<.»bahly formed as wxll as a rut hen ate, but the subset juent washings 
decora}V)se the iridate, leaving hydrated iiidium dioxide (ccjmparc 
ruthenium and rhodium). 'Fliis am lx* c<»nverted to the metal by 
reduction with hydrogen, or simply by healing to a high tempera¬ 
ture. As the prrjducl contains traces <»( the oilier platinum metals 
it is usually further purifutl bv taking advantage of the insolubility 
of iridium in fuming nitric acid or in aqua regia. Iliis process will 
not eliminate the closely allied clement rhodium, but rhodium will 
dissolve in fused iKdassium hydrogen sulphate, winch converts 
iridium to the insoluble sesquioxhle. ir^O^. 

The volatile osmium tetroxide obtained as just described is re- 
distitlod and collected in aqueous ammonia, then precipitated from 
tins solution by hydrogen sulphide as osmium tctrasulphide, OSS4. 
When heated in the absence of air this substance dissociates: the 
sulphur volatilizes first, and then the osmium sublimes and can be 
collected. A very high temiwrnliire is required lor this operation. 

Metals.— Osmium and iridium arc easily prqKired hy reduction 
of their compounds, in solution or in the solid state. They are 
white metals, very dense and hard; osmium is tlie densest of all 
substances knowai on the earth (density up to 24). They can be 
obtained in colloidal solution or in the finelynlivided state, and arc 
then very active catalysts for various reactions, such as the decom- 
[>osition of hydrogen peroxide. ITncly-divided osmium is for certain 
reactions an even more active catalyst than platinum, and has been 
used in the synthesis of ammonia, though cheaper catalysts have 
now taken its place. 

1*1)0 metals arc oxidize<J when strongly healed in the air, but 
tliey arc more resistant than ruthenium or rhodium to the action 
of fluorine or chlorine. Osmium is readily soluble in fuming nitric 
acid, but iridium is insoluble in all acids. In spite of their excep¬ 
tional properties, the elements arc Ux) expensive to be of much 
practical use. Osmium was once used for the filaments of electric- 
light bulbs, but has long been replaced by the cheaper tungsten. 
Alloys of platinum and iridium arc hard and incorrodible, and have 
been used in tipping the iul)S of expensive fountain jiens, in surgical 
instruments, and in the construction of the standard metre and 
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kitoRi am at Paris. Plalinnin crucibles ufU*n contain a little iridium 
to stiffen them. 

Thu Com hounds ov Osmium and luinirM - -The principal 
valencies of osmium are four, six. and eii^lit, bat there is a well- 
marked valency of tbrt‘e, esperiallv noticeable in complex anions. 
Osnuum tetroxicle, OsO^. in which the inetiil is octavalent, is mcjre 
stable than the corrcsj>onduii; compouiul rntlieniuin, and osmiiun 
is the only element to form> in the octaflaoride an electrically 
neutral eomjuaind in which so many as cittht atians of one element 
ar<) dnectiy atlachcd to one at<*m <»f another. In its cojuplex 
chlorides osmium resembles nilhonimn in disj'laying valencies of 
three and four; thri'c in the chloro-osmites, Ost'l/", and four in the 
chloro-osmates, an<l it also resembles raHu'uitnn in fonnini; 

osmocyanides. 0>(CN)8"", in which the metal is bivaUmt; potassium 
ferrocyauido, rathein>cyani<le, and (wni<»cyanidi' arc isomurplmus. 
Indium, as nii^ht 1 h' extavled, sluavs a cIoh* reM'inblance to 
rluiduim as well as to osjuinm. The valency thT(u‘ is well 
marked and fairly stable, thoujih the hydrated sesqnioxide, Ir^Oj, 
is oxidized by the air. liidinm forms alums, and also a sulphate, 
lr 2 (SOj 3 .A<|., in winch it is tervalent. Moreover, the only kiujwn 
comj)lcx cyariides ate the iridieyanides, IrfrN)^"'. as with ihodiuni, 
though in its complex ddorideb irklium rescanbles osinitini rather 
than rliodiuin, forming the chlomuidites, and tlic cldoro- 

iridates. Ire'll". Tlie valency of four is less stable with iriilium 
than with osininin. the valency of six is very unstable, and higlier 
valencies an* unknown. Like cobalt and rliodinm, indium very 
readily forms complex uininines. 1'he known aanjHimuls <if sexi- 
valent iridium comprise the fluoride. IrF,,, the trioxidc, iiOjj, and 
t>ossibly an oxyfluoride, IrOTV .All are j'Hwerful oMdizin^ agents. 
'ITo hexafluoride, i»btaim*d irom the metal and lluorine at 20 o°, is 
vkdcnlly attacked by water, yielding finally the telrahydroxidc, 
Ir(01I)j, with hvdrogen fluoride. 

Oxides and Hvdkoxides. — T]\c most important are the following : 

Osmium tetrahydroside* is precipitated when chloro- 

osmate solutions are boiled w'llh caustic alkalis in the al>svnce ol air; 

O-sClc^+^OH' -Os(OH)4| d (fCV. 

It is oxidized by the air to the tetroxide, Ost> 4 . If the tetra- 
hydroxide is heated in an inert atmosphere it loses water ami forms 
the dioxule, OsO^, which can also lie prcjiared by gently heating 
osmium in a stream of osinuim tetroxide vapour. The dioxidi* is 
a brow'n solid which on strong healing yields osiniiiiu and I ho 
volatile tetroxide: 

2()s0jj OsKKO, t- 

With hydrocldoric ocid it yields the complex Osri„". 
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Osmium tetroside« OsO,.- ShIuikuk uf Uiis sulwt.ince ore often 
called ‘ usinic acid,* .ukI siilts such as K2()s0|(011)j5 have been 
oblamed by treatnif; tin* telroxkle with concentrated alkalis, but 
such sails arc fyerosnmfc^. Osmium lelroxule coiiclufUs a series— 
TaO^", WO^'", KcO^', 0s04 -in wliicti the char^;e is the dilforence 
(8—^roup niiniNT), and in all which tiio four oxygen atoms are 
ioxind at the corners of a re^ilar tetnihedron cnclosiiij( the cliarad er¬ 
istic atom at its (.eiitro. 

This oxulc IS produced by heniing the metal or its compomids 
in uxygt^n, ov by treatint; them with nitric acid. It is a colourless 
solid willi remarkable projwrlies, t<»r it inells at and boils at 
7;^<> , and lias so high a va|Hnir i^n'ssnre at tvniiXTatnre.s below the 
boiling-point that it ran be di'*lilled without diiiicnUy from its 
arpieous solntnuis. The va|Kmr, winch has the nonnal vapour 
(h'nsily, has a strong iH*cnliar <'druir, and is highly ]X)isonous, 
< temporary blindness, among other elfects. It is an oMdi7.ing 

agent and can <*asilv be reihiecd to the metal, either in solution or 
m the vapour, A dihilc solution is «se<l as a stain in niieruscopy, 
si:u*i* organic substances ri’diice it to bla<*k lin(‘ly-div!de<l osmiiiin. 
It also form*- a usidiil killing agent for protozoa, etc. S>!utions of 
osmium tciroxkV are mmtnil. 

Osmates and Osmyl Compounds. -*rhe trioxkle is unknown, but 
osinates, derived fnmi ou arid, lJ2()>t)4, h.ive Wvr\ prepared (com¬ 
pare iron and nitheuuim). They are conveniently ohtainerl by 
redndng alkahne solutions of osmium telroxide, e.g. with alcohol. 
On careful treatment with acids, osinate Milutions yield a sj-rics ol 
derivatives of a lyix* iiifrec)uvntly se'en. They arc called es»iy/ 
compovuds, and contain tlie bivalent [xisitive radical OsO.^, or pos¬ 
sibly the ion f)''02 *, always assoc Lit isl, however, with other ions 
to produce cmnjxniml. of the type K3(0.*.02)<*l4, potasshun osmyl 
chloiidi'. 'I'heir fonnation from osmates may lie fonuulalcd: 

Oso/'+^ir-^Oso; i 211.0, 

and is revorsibh*. for in neutral solution the o.sinyl derivatives arc 
Jiydrolysed and precipitate what may lx* osniic acid, H^OsO^. 
They re, however, stable in slightly aekI solution. 

Iridium sesquioxide* is obtained by beating cbloroiridates. 

MgIK'l,;, ^v^1h sodium carbonate, when oxygen as well as carbon 
dioxide escapes. 

Iridium tetrahydioxide, IrfOH)^, and dioxide, IrOg, arc prepared 
by the method used for the a>rTCs|>onding osmium coin[X)unds, but 
when the dioxide is strongly heated, it yields indium and oxygen, 
since iridium fonns no tctn'xide. The hydroxide is a blue-black, 
and the dioxide a black, j^nviler. The latter has a crystal structure 
similaj to tlial of mangalu'sedio.xide (p. 7(13). 
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Halides. —Osniiimi ri'acts with fluorine when heated in a .stream 
of tlic and forms a tetranuoridc fKF^, a hcxafluf>ride 
and an <jrlafluoiide Osl\, wliich can Ixf so j Kira ted by fractional 
distillation ui vacuo. 

Osmium octafluoiide, the most volatile ol the three, is a yellowish- 
red s<»lid melting at 35“, ;ind boiling at 4s-’ to form a colourless 
vapour which fiinirsin moist air and has the nonnal vapour density. 
The octnfluoride dissolves in water an<i the solution is partially 
hydrolysed, with fi>rmation of the tetn^xide. It is d<'c<ini)X)sed by 
heating and is liighly n^active, attacking organic substances with 
vhdence. It ap|Xirentlv cr>nibines with fluorides af the alk.Ui- 
inetals to f{»nn double or complex fluorides, and this may indicate 
a cj>valcncy of more than eight for osrniniu. 

Osmium dichloride, Os(*l^. has licen prepared hy healing the 
iricliloride under reduce'd pressur<‘. 

Osmium trichloride^ Ost lj, is prepared by healing ammouititn 
chloni-osuiate, (NH4)20s('lft, in chionne. It is a brown solid which 
dissolves in water to form solutions which, t!i<jugh >!ightly 11 yd ro¬ 
ly sed, arc stable in tin* air. The cirloro-osinifrs, su<*h as K50MJlfl, 
p<itassium chloro-osmite, are derive<l from it, and form red solutions* 
the p>)tassinm and aminoihnni salts, and |)ossib!y others us well, 
are solid)le in watei. 

Osmium tetrachloride, 0 >^\, is prepare<l by union of the clement^ 
at a high temjKTutnre, and wlien pnrihcxl by siiblimatum forms a 
black solid. As it is iiLsoluble in water, the (hlnro~<Kwnitcs, which 
contain the ion cannot l>e prejKirod fD)in its soluti(Uis, but 

they can lxi made by other inetluKls, e.g. by heating osniimn and 
]x>tassiniTi ehloiiile in chhuine. Their solutions, which are yellow, 
are hydrolysed t>n warming and pn'cipilute the tetrahydroxide. 

Iridium dichloride, IrClj, is prejxired by healing the trichloride 
in a stream of chlorine at 000^-71x1''. AIkivc 770the didilorido 
dissociates to give the cop|>er-Tcd munocliloride, IrCl. 

Iridium trichloride, IriTj, prc|>arctl like the osmium compound, 
is a green solid insoluble in water, but a sol aide hydrated variety 
has been prepared (compare rhodinm trichloride). The chloro- 
iridites, with the inn IrCV", form green solutions and resemble the 
osmium compcninds. 

Iridium tetrachloride, 1 11*14, is pn'pared by union of Iho elements, 
like osmium tetrachloride, but as it n^adily forms the trichloride, 
the chlorine must be introdiieiHl under pressure. 11 differs from 
I lie osmium compound in lx?mg soluble in water and less stable. 
The cJfloroirulafcs, sucli as potassium cidoroiridate, KjlrCl,^, are 
derived from it. and can be made either in sedution or by the method 
used for the chloro-osmates, but the ix>tassium and ammonium salts 
.irfles5solublcinwatcrthantlu*corrc.s|,x>ndingosmium comi>oimds,and 
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tlio cliluroiridatoslose clilorino when their solutions ar<‘ boilfd, I>ecom- 
iu^ chloroiriditcs, whereas rhloro-osmatcs are mciely liydrolysecl. 

Iridium trisulphate.— Ir2(S04)j, can be obtained as a hydrate (rojn 
a solution of the scstpiioxide in sulphuric acid. It is soluble in 
water to give a bright yellow solution which is oxidized and turned 
by the air, but if a concentrated solution is evaj^orated with 
potassium sulphate solution, p<*tdssnnn inUtHm ahim. KSO^. 
Ir2{S04),.24H20, can lie <ibtain<*d. Osniiuiu Icjnns iicitljcr a 
trisulphate nor an alum. 


Pn.vnNOM 

Pt • io.V<K). A/offvr Niff niter, 78 

Platinum was dijazwen^d in South America, in a <lislricl which 
now fonn> part of (olotnbia. It was tirst brought to .luirf>pe 
in 1735 

Occurrence and Estraction.- Plalimun occurs in llie (Iral Moun¬ 
tains in the hirin (>f an alloy containing s<ime 80 jkt cent <\i platinum 
togetiier witli iron, cof)|H'r, llin i>tli<T metals of the i>latimun group, 
and scjTTietimes a litlle gold. 'Ihore are also <le]>iKiis containing 
platinum sulpliide ni the 'Iransvaal, though th<*y are not worked 
at present. The most iniixn lant M>uree of platinum is now, however, 
the residue of the extraction of nii'kel Irom the Ontario ores (p. 790)• 

Crnde jdatinum in>m all tiiese sources is brouglit into solu¬ 
tion witli aqua regia, and tlic solution is diluted, hitcred, and 
evaporated to small hulk. Nitric acid is then ex])pllc(l hy boiling 
w'ith hydrochloric ncid, and the clilondes are cvajHirated to dryness 
and then dissolved in a little water. Tlic addition of ammonium 
chloride precipitates the slightly soluble ammonutm chloroplatinate, 
(NH4)2PtCl€, with some ammonium cliloroiridale, (NH4)2lrCl|,, 
These arc filtered off. and the mothtT-lu|uors are worked up again. 
The precipitate is suspended in water and suljdnir dioxide bubbled 
through, when soluble ammonium chloroiriditc, (NH4),jIrCln, is 
formed by reduction, and only the ammonium chloroplatinate, which 
is not so easily reduced, remains uiidissoivcd. Heating converts it 
to spongy pblinuin. which is welded into an ingot in a lime furnace 
lieated <'ither electrically or in the oxv-hydrogeii flame. 

Metallic Platinum.—IMalinum is a very dense silver-white metal. 
It is not so Irard as osmium ax iridium, but it is more malleable and 
ductile, and can l>e drawn into tliin strong wires. Its cocfTicient 
of thermal expansion is about yxio“*, and is wry close to that of 
glass, so that before the discovery of cheajxjr substitutes platinum 
was much used for sealing into glass; the possibility of doing this 
is still a great con veil ieuco in the rnanufucturc of api>aratas which 
for other reasons must contain platinum. 
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The metal is very resistant to oxygen even at hi^^h tempcratiircs, 
thougli the slight toss in weight which platinum articles suffer wlien 
strongly heated for a long time m the air. but not in inert gases, has 
been attributed to the formation of the dioxide PtO^. With few ex¬ 
ceptions, acids have no cflcct an the metal, but bcnling concentrated 
sulphuric acid attacks it slightly, while aqua regia, and a solution 
of a chlorate in concentrated hydrochloric acid, dissolve it without 
difficulty. Their solvent action is due to the lil)eration of chlorine, 
though massive platinum is not attacked by chlorine, nor even by 
fluorine, up to a tem|>erature of more than 350^. 'I'lic fused 
hydroxide, nitrate and bisulphate of potas.sium. and sodium 
perrjxidc, attack platinum, and crucibles made from it should not 
be used for strongly heating these substances, nor is it prudent Xo 
melt metals in platinum crucibles, as alloying frequently tak<»s 
place. Contact witli hot elementary sulphur or piio>i>liorus should 
also be avoided, and tlirect heating with a coal-gas flame may lead 
to action with the sulphur com|)ounds present in the gas. 

Its resistance to chemical attack and its high melting-pxfiiit make 
platinum almost indispensablt^ to the manufacture of certain kinds 
of apparatus, though its cost, which in the last twenty years has 
fluctuated widely, is a serious disadvantage. It is used ior crucibles 
and basins and other chemical ware, for wires for flame tests, for 
electrical contacts, for electrodes, in pyrometers, resistance ther¬ 
mometers, electric furnaces, stamlard weights and measures, anti 
for many other purposes. Hut mum and platinum-indium have 
often been used to make vessek to hold hydrofluoric acid or fluorine. 
The cost of plalimim is generally so high that the use of substitutes 
has become absolutely nect‘ssary. Crucibles can be made from 
nickel, silver, gold, fused silica, ^iimma, or zirconia, according to 
the purpose for which they are required; platinum wires for analysis 
can lx? replaced by fused silica; ' platinite * (p. 800) can be used for 
sealing into glass, and fluorine or hydrofluoric acid apparatus Is 
made from modem 'plastics' or copper, while weights can be 
plated with platinum or with gold. 

Platinum is also greatly in dimiand as a catalyst. A hot plat inum 
wire will continue to glow in a mixture of methyl alcolu;! vapour 
and air, formaldehyde being formixi on the surface ol the metal, or 
in coal-gas and air, aud will ignite a jet of hydrogen. Colloidal 
platinum, prepared by Bkeoig's mclh<id or by careful reduction, 
is a very active catalyst excelled in certain rcHctif^)ns, by 

ci)Uoidal osmium. On the industrial scale platitiized asbestos is 
often employed; this is projiarcd by soaking asix'stos in a solution 
of chloroplatinic acid ;md tlien producing tlie finely-divided metal 
by ignition. Vigorous rcdxiclion of solutions of platinum salts 
preduces another finely-divided modification called 'platinum 
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black/ often used for cojitin^; tlu' platinum electrodes of delicate 
ap]>aralus such us hydrogen eleelnxtes or comiuctivity cells. On 
the other hund, the use of snnH>th plalimini atnnles is essential to 
certain anodic oxidation pnJct-Nscs, such as tlie inannfactiire of 
per sulphates, in which a liigh oxygen uvcr-volt«ige is r<.*c|iured. 

yviit<' large tpiantities o\ pint in nm were at one time iiscd in the 
<»xifiation of sulphur dioxide (]>. 6S4), Init clu*ai»er catalysts an‘ now 
eni|)hjye<l. On the oth<T hand, grids of }»latunini wire arc still used 
in the oxidation of aninitnua to nitric acid (p. 300). 

rialiuuni IS also used in icwelrj*—a waste of valuable material 
that ought not to 1 h‘ crin»ur.iged, 

( oMitu'Nns OK Pi mim'm. -The principal valcneics of pblinnm 
aie two and if air, hut it may t'ossibty slunv an unstable valencv of 
three, and nwne rarelva valciie\M»l six. Thccov.d<*ncv or co-ordina- 
tinji number is iisnally lour when the metal is bivalent, and six 
wlicii it is f|nadiu'alent. 

Platinum is one **i the least eleetropisitive of metals, and tho 
in^ghgililc t<*ndeiic\’ of tin* metal to form ions iu contact with water 
i.'' the icason lot tin* use <*\ j>latinuni in eKHrlmmclric apparatus. It 
slmw.s llic gre*rUsl reluctoiici* to lorm catmns: the bivalent com- 
jxiiiiifls are <nther ins<»lubte t>r imitain the ni<Tal in the anion, and 
ilie r|iKiduvaliiit compoutul" re.ict with water to form complexes 
ol the same ri.ilure (see, for example, platiinc cldori%)* 

riie clieimslry ot platinum sf»lntions is thcH'le're chidly t)ic 
I'liennstrs' its complexes. In the **|jhiroplatinates, with tlie ion 
PL(the quadrivalent Mate absent in nwkel and inconsjacuous 
m pa Had Him is now v<*rv stable. On llieotliej ham I n<K|uai In valent 
complex rvanulls arc kiunvn, and the j)laliii<»cvanlde*s, PtfCN)*", 
cones^xijiding with tla* j>aH.id<*cyaindes and lurkeiiK'yanides, are 
exceedinglv stable eom|Hinnfls. Just as nu kcl resembles tlie 
adpiceiit element ami j>alia<iiuin silvei, so does platiniun 

resemble gold, 

Like otlier memlx‘rs ol the group, platinum forms a large range 
(d complex ammini'S, stane ol winch have alicady been alluded 
to (pj>. 201, J4q. 35^)). 

OxirvliS.^ The pnncipal oxides of platinum are the m'moxidc, 
dit>xi(k, and trioxide. *lliev all vield the metal and oxygen on 
slnmg heating. 

Platinum monoxide, PtO, is pix^purcrl by the action of oxygen 
on jdatinuin sjxjiige at <t5oL In the hydratwl conclition it can be 
j'rccipUalod by iKnling a chhiroplaliiute. with caustic s<jdu: 

pta/'+20ir -pto.Aq. i f^crpiLO. 

It is a reducing agent, oxidi/ed by the air, and if prepared in the 
wet way caniu't bt' freed from water vsithout decoinjiosil ion. 
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Platinum dioxide, PtO,. is precipitated as a hydrate when a 
solution of platinic chloride which has been boiled with causlir 
alkali is treated with a weak acid—acetic acid. The white preci¬ 
pitate is soluble in acids and alkalis^ and probably has (he 
constitution H2Ht(OH)6, since from its alkaline solutions such salts 
as potas?iium kexahydroxyphfinate, KjPt(OH)*, can be obtained, 
and behave as the Kilts of a strong acid. 

Platinum triozide, PtO,.—Hy anodic oxidation of pcjta.ssiuiu 
hcxahydroxyplatinate solutions, p<ttassium plalinaif. K2pt04, is 
obtained, an<l when treated with acids this yields the trioxide as 
a red solid. It is a powerful oxidizing agent which gives oJf oxygen 
when gently warmed. 

Halides. —Platinum forms stable halides in which it is bivalent 
and quadrivalent, and a less si able ter valent series. All Ijir 
halides decompose into I ho elements on ignition. The bivalent 
halides are insoluble in water. The quadrivalent ha lidos (except 
tlie iodide) <Ussolvo, but they react with the water to form com¬ 
plexes in which the platinum is in the anion; their s<ilutiuns have 
consequently an acid read ion. Complexes such as PtCl4" and 
PtCI^" are very stable and are the anions of strong acids. I Ik* 
trihalidcs behave towards water like mixtures ol the dihaluivs and 
tetrahalidcs. T'he tetrahalkles are weak oxidising agents, and thvii 
oxidizing uctiN^a is assisted by the insolubility of the dihnlidvs 
(compare copi^er). 

The Fluorides must bo prcparcil by union of the elements at 
500"'-(>00®: pU^tinous fluoride, PtFj, is insoluble in water; platinic 
fiui>ride, Pth^. is soluble but easily hydrolysed. 

PlatiDOUS chloride, PIC4, is made by union of the elements at 
360®, and is insoluble in water, but dissolves readily in chloride 
solutions to form a sorie.s of salts calk^l the chlorophftinites, with 
the ion PlCI/'. These comi>ounds can also Ik- prepared by reducing 
chlorojdatinHtv wdutions, as for instance with sulphur dioxide. 
The silver, mercury, and lead salts arc instiluble, the others mostly 
soluble, the solutions being red. The chloroplatinite solutions are 
fairly stalde, but they arc dmnn|K)s«*d by IxuHng caustic alkali 
or by hydrogen sulphide, and oxidized to chloroplatinatcs by 
chlorine. 

Platinum trichloride, PICI3, is made by heating the (etrachloride 
in chhirinc at 390". It is soluble in l)Oiling water, but the solution 
is easily hydrolysed. With ddi)ride solutions it gives a mixture 
of chloroplatinitc and <dilorup2atinate. 

Platinum tetrachloride, Platinic chloride, PtCh, is made by lieating 
chloroplatinic acid, H^PtCd^, in chlorine. It is a reddish-brown 
hygroscopic solid soluble in w.atcr in form a stable solution from 
whicli the hydrate ]HCl4.H^0 can U‘ obtained by evaporation; 



GROUP VIII 


823 

hydrolysis takes place on hirther healing. Tlie stdution has an 
add reaction, and is dibasic, as is shown by titration: on electrolysis 
the platinum travels towards the ancnlc. 'Hie solution is tlierefore 
supposed to contain the acid H2lHCl4(OH)g. with the anion 
PtCl4(OH)gcomi>are hoxaliydroxyplatinic acid, HjPt(OH)g. 

Chloroplatinic acid, UglHClg, is obtained in solution by dissolving 
platinum tetrachloride in liydrochloric acid, or by dissolving 
])latinum in aqua regia, evaporating rejH*aU*dly to tiryness with 
hydrochloric acid, and treating the final aqueous solution witli 
chlorine. The hexahydrute. HjIHCVbllgO. is obtained by con¬ 
centration of its solutions. It is a strong acid and yields salts on 
neutralization with alkalis; these salts can also he. obtained by 
oxidizing the chloroplatiniles with chlorine. Their solutions arc 
yellow. 

Potassium chhroplaiinaic. K^PtClg, like the chloroplatinates of 
rubidium, caesium, ammonium, and silver, is a yellow salt only 
slightly soluble in cold water (alnnit q gin. per litre at room 
t<‘mperatnre). .so it can be obtained by precipitation. It was for¬ 
merly used in tlje quantitative niialysis of ]Kitassium salts, but is now 
often replaced by the clieaix'i |xjtassinm ixTchloratu. On strong 
heating it leaves potassium chloride and platinum. 

The Bromides resemble the chlorides, but the hromoplatinalt’s of 
]X)tasshun and ammonium are moie soluble Ibaa the corrt's]>unding 
com poll nd.s oi cliloriiic. 

Platimc iodide, Ptl4. is an insoluble cr»m}x)und prepared by 
union of the elements, or ]>rrci])italed by hhIkIcs from chloro- 
plalinate solutions. It loses iodine iw vacuo even at nxmi teni- 
jK.Taturc, Potassium toJoplaliuale, KjPtl*, is soluble in water. 

Sui.PHinits.- Flatinous sulphide, FtS. and platimc mlphide, PlS|. 
are precipitated by hydrogen siilpliide from chloroplatinite anil 
chloroplatiiiatc solutions rcsj)ectively. They decompose into the 
elements when heated in the al'isence of air, 

Platinic sulphate, PtfSO^),. is deposited os the tetrahydrate 
when a enrront is passed hclw'eeii platinum electrodes in fairly 
concentrated sulphuric acid. It is soluble in water, but preci¬ 
pitates a ba.sic salt on w’arming. 

Complex cyanides.— The ptaliuocyanidcs, with the ion Pt{CN)4'. 
are more important and more stable than the plalinicyanidcs, with 
the ion Pt^CN}/: it should be noted that the latter contain ter- 
valent, not quadrivalent, platinum. The former are obtained by 
the addition of cyanides to most plulinuus or platinic solutions, 
e.g. with jilatinic chloride: 

PtCl^+W.N'^ Pt(CNV'+4ClM C2N2 1 . 
a reaction that may l>e compared with the action of cyanides on 
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copper solutions. Tlie plutinocyanidos are very stable com- 
pounds unaffected by aqua repia. Many of them are beautifully 
coloured, as for example the ammonium salt, which app^ears pink, 
blue, or yellow accordin^^ 1o the din*ctHm of the incident light. 
Many fluoresce in ultra-violet light or when exposed to the ray^ 
from radioactive substances. 

Barium platinocyantde, BaPt(CN)4.4H.,0. prepared from platinous 
chloride and barium cyanide solution, fluoresces very brilliantly 
uiuler X-radiation, and is much us<*d in serwns for radiograpliic 
investigations. 
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Rogers. 50O 
Rontgen, 83. 304 
Rose, 6<)7 
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AcournulaUirs, 2<ig 
Acetaldehyde, synthesis. 213 
Acetoxinie. i|05 
A cetyl acetone, 350, 351 
Acetylene. 213. 5(>5, 

-telrachlornl^. 578 

AcetylKles, 56s. 5W» 
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—uiUimuinous, t>*,i 
-, arsenic, (m 
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-, bromic, 747 

-, Crirbonic, 57^ 

-, (lilorantimonif, ^>48 

• chloric, 740 

— , I hlorouunc, 476 
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— , dichromic, 7<>o 
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-, hydri/oic, 400 
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-, hydrohroniic, 7|6 
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- .-, vaiKiur pressure. 185. 735 

' -, hydrocyanic, 579 

— - —, hydniriuonc, 724, 727 
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727 

-, hydronitrous, 417 

' -, hyi>obromnus, 747 

-, hyjKx:h!orous, 73H 

-, hypoiodous, 754 

-, liyj>onitrous, 417 

—lij^ophosphonc, 627 
•'—, hypophospliorous, 025 
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-. nitric, 420 
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•• .-. loiii/ation of. i^io. 742 
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Aldehydes, synthesis, 301 
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-, oriental. 533 

Amides. 40T 
AmmoR, 401 
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-. dislnbuljofi, 201, 392 
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-bicarbonate, 398 
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Amuioiimm chiorale, 397 
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— — chloroindite, isig 

— chloroplatmatc, Sici, JSrq, M23 
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— - cliiororuthcnati*, 800 

— *- < hlorosmate, 818 
-chloiostannatc, (>o0 

— vhrumatf. 710 

— compounds, 383, 394 • 

— dicliromali*. 705 

— iliuranalr, 719 

— - • lloonde, 391, 

- liabdes, 3*8» 

• hftxacUlorothodite, 813 
—— hydrogen sulfdiatr, 309 
. - . sulphide, 398 

— KHlale. 397 

— • KKiide, 397 

— ... matfiicsiuin plio'»phatc, 487 
• > molylMhitcs. 71.J, 731 

— nitrate, 400. 411 
nitrdc. 3fi9 
okatc. 93 
|M;rr:lMorale, toH 

- pci oxides. 4i)i 

- porrUenate, 770 
phosphates, 3(>o, 400 

- phosphomoiybclate, oji 

— platinocyanulc, 823 

— sulphate, 300, 399 
-siilphules, 398 

- — tiiKK'vaiiate, 453 
I -— uranate, 720 

I —« C anada (o. ^64 
A mmoiln<acids. 394 

-U-uses, 394 

--sails,, 394 

Anal)'sis, electrolytic, 265 
Amlrcws’ titration, 757 
Anxh*Rile, O12 
Anhydrite, 38S, 4SS 
A!naotrot>v. 03 
Anodic oxidation, 267, 53? 

Anomaly of strong electrolytes, 140 
Anthracene, 274 
Antichlors, 451, 680, fxpi 
Anti-knock agents, 217 
.Antimonatce. 652 
AntimoniduR, 650 
Antimonites, 651 
Antimony, 613, <>47 
-, allotropy, 648 
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-, detection and e&timaUnn, O55 

• -halides, 052 

—— hydnrte, 649 
-oxides, C50 

-oxyaculs, 05 t, O52 

• — oxyhalidcs, (>54 
“ — sulphate, 655 

-sulphides, 654 

Anlmumyl compounds, 654 
Aqua ro^ia, 4ih, 422 
Aragonite, 81, 48S 
Argentite, 40S 
Argun, 372. 428 
Argyrodite, viy 
Arsenates, O42 
Arsenic, 673, 637 
-- —, nIUdropy, 038 

- - compoumls, 013, 637 

, deled 1011 and cstunulion, 646 

- hatiUcs, 0^3 

-ijytlridc, 039 

- oxides, 040 

• oxyaculs, 641, 642 

• sulphide*. ^44 
Arsenides, 039 
Arsenites, 641, 751 
Arhcnomolybtlales. 645 
Arsuiti, 630 
Asbestos, 482 
Association of liquids, 102 

- - of solutes, 102, 141, i8j 
A statine, 341 
Atacamile, 455 

Atmosphere, 3^*!. 4^^. 574 

Atom, weight of, 78 
Atomic Dumlwr, 3*11, 318 

niiml>ers, lists of, 315, 825 
structure, 311 
-llieory, 38, 62 

-volume, 340, 341, 342, 343. 77^ 

-weight, 65, 77, 3J7 

weights, lists of, 315, 825 

-, physical and cliemical 

determinations of, 66 
At tine ar, 520 
Auer metal, 597 
Auric compounds. .SVr Go)<^ 

Aurous compounds. Sn: Gold 
Auto-complexus, 202 
Avogadfo's number, 63, 78, 27 

-principle, 51. 64 

Axides, 402, 407 
Aroimide, 406 
Azunte, 435 
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Baddelcyitc. 503 
Jtanum, 480 

— aindlgam, 40<i, 517 
-hronialc, 747 

— - carl>onate, 4i>2. 403 

- c'lilorjite, 7|o 
• — chlorite, 739 

- chromate. 500, 7 ch) 

— chmmile, 7c«i 
conipounils, 477, 489 
ferrate, 7H3 

-Ihiogernianalo, <>oi 

—— fluirsilicalf*. 5H6 
huhdes, 404 
licxainmim*. 401 

-hydride, 4<x> 

-• hydn^geil sulphate, 400 
hydrosulpliuU', 408 

-hydroxide. 4<i2 

hypoplufsplute, 625 
ifidatc, 75J» 
manganale, 70K 
nitrah*. achi 

— nil rule. 491 
oxalate. 489 
oxide. 491 

- l«TKKlale. 7s6. 757 

•• > |K’rmaoganalc, 7(14 

|>cn»XMle. 4<>3 

fdursfihate, 51 k> 

•• f)h<»S|>hite, <127 
platinncyanide, H24 
st'lenatc, 04 i<; 

— sulphate, 488, 41/j 
sulphide, 40H 
sidphite, 6H0 

- telhirale, 701 
Tlarole, 4SS 
Baryta. 488, ^xt> 

Barytes, 489 
Bases. 192, 441 
Bnuxite. 520 

Beekmann’.s apparains, r4o 
IHhmeliU, 43K, <io2 
Ihmzaldchydc, oxidation of. 217 
Benzene, dr5% 21O 
Jicnzol, 5t»-: 

Bcrvl, H4, 479 
BeryHates, 4S1 
Ih.Tyllium, 470 
•— afclyUcetcmatc, 351 
lM>ridc, 324 

-compounds, 477. 480 

Bessemer pnicuss, 777, So*' 

Beta-rays, yoft 
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Hicarlx)na<cs, 575 
Btmolccular rcaciions, no 
Hirkeland-Kyde procesj^, ^ 10 
TiisrautU, (113, 656 
• — compounOs, 613. u$6 
—hatuk% <158 
- hydride, 657 

- _ njtralc, ()6i 
-nitride, 3<)5 

- — oxides and hydroxides, ^*57 

- — oxyhnlidcs, <>v> 

-- phosphate, w>i 

-solplialc, f>6i 

- — sulphides, Uxi 
— lellundc, 700 

Ihsmuthatcs, 638 
Ihsmuthmite. (>4>o 
Hismuttiyl com^Hiunds, 60 (> 
Bisulphates, (>00 
Hisul(illlies. (nSo 
Bittern, 743 
BIhcU lead, 560 
Blast Jurnace. 77s 
]heachinK‘)H»wdrr, 41/1 
Blowpipe, ajiimmium, 533 
—. atomic hydrogen. 303 

-, oxypen, 373 

niuo John, 495 » 7^5 
Bohr’s atomic Ibcory. 320 
Boihoft-poiM uf iKtuids, io6, 169. 213 

-of soluliems, 133 

Bomb calorimeter, 223 
Bonc-a&h, 615 
B<iTamidc, 401 
Boranes. 522 
Borates, 33f<, 52(> 

Borax, 526 
Ik)ric acid, 324 
Ikindcs, 524 
Boron, 520 

- - compounds, 520 

- liahdcs, 527, 737 

- - liydndes, 522 
Bort, 558 

Bosch process, 359, 389, 781 

Boyle’s law, 93 

Brass, 438 

Braundc, 760 

Brin process, 493 

Brine, 438 

Hroinates, 747 

Bromazide, 408 

Bromides, 74O 

Bromme, 723, 743 

-compounds, 723. 743 


HromiDe Huoride. 729 

-hydrate, 74 s 

Bronze, 455, 45K, fxii 
Brown rmg test, 794 
Brownian movenicnl. 278 
Buher solutions, 208 

Cadmialcs, 504 
(’admniru, 501 

- — , aromino complex ion, 304 

— ammonium phosphate, 300 
-carbonate, 304 

-compountls, 477, 303 

— haltdos, 202, 505 

— — nitrate, 300 

--oxide and hydroxide, 503 

-(HTOxide, 304 

— • phosphate, 5of> 

-pyroph(>s(>hal<‘. $06 

— , jn'paratKin Iroin copper, lyS^ 40 

— *.-. *mc, i<i5, 507 

— — standard cell, 248 

— sulphate, ^o(t 
—- sulphide, 500 
Caesium, 432 

— — lifomale. 449 
-bromide, 447 

— carbonate, 442 

— - cldorak', 44 H 
- chloride, 443 

— chloroferrate, 791 

— - chloroplatinatr, 823 
-compounds, 432 

— , detection and esliinatinn, 433 
-dichlorohypoioditc, 447, 758 

— • - fluoride, 448 

-- - hcOlidcs, structure, 88 
hydride, 435 

— hydrosulplndc, 432 
^ — hydroxide, 437 

— — iodide, 447 
—^— nitrafc, 449 

•— nitneje, 430 
—'— oxides, 436 

— perchlorate, 440, 743 

— (>erhalides, 446 

-- pliospliatcs, 450 

--sdicomolybdate, 433 

— - sulphide. 432 

--— tetrachloroioditd, 759 

-- thiocyanate, 453 

Calamine, 301 
Caicitc, 488 
Calcium, 488 
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Calcium amalgam, 490 
-arsenalo, 640 

- - arsenide, <>39, ^>40 

- - bicarbonate, 194 

- bisulphite, 6bo 

—“ borate. 521 
-carbide, 56O 

. carbonate, Hr. 403 

-clifoinalr. 

- —• compoiituls, 477, 4iJ8 
-cyan amide, 567 

- (pTfotyamde. jnh 

-bahdes. 404 

-hydride, 490 

hydrosuipliidi*, 

• liyUroxidr. 730. 49j 

• —hypochhiiile, 4 <h> 

- imide, 402 

I Of late. 498 
• •> nitrate, .pKi 
nitride, .\n] 

- oxalate, 480, 59^ 
oxide, 401 

- pcTuxide, 403 

l^hoRpbati•^. 5i>o, 61» 

— phORpliides, 4(>7, tu ■ 

-pboRpliite, ivjo 

saeebaratc. 403 

-silicate, 

-sulphate, 4 00 

- - suipbitles, 271 

- “ ’ siilHTphosphale,’ 500, <>x6 
- tluosulpbiih*. 452 

-txtaiiate, 5c)<» 

lun^-statc, 715 
Cnlirbe, 450 
(a lorn el, •512 

• -electrode, 249 

Caloric, 47 
Caloriinetry, 221 
Calx, 19 

Carat, 474, 558 
rarbamide, 5cc Urea 
Carbon. 5^7 

—— compx'unds, 53b, 5^4 

- dioxide, 25, 572 

--^ precipilalioDs with, 19O. 

- — disulphide, 578 

— hydrides, 563 

•* - monoxide, 354, ')t>3 

- oxysuljibirte, 579 

- - si (icicle, 566 
-suboxide. 3^8 

-tetrachloride, 577. 71 
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Carlion tclrafluoride, 577 
('arUmado, 558 
t 'rtrlxmalcs, 33S. ^73 
Carbonization, 502 
Carlxinyl chloride, 578 

- — sulphide, 579 
r.arbonyls, 572 
Carl>oruiHliiiti. 5f)<> 

Camalhte. 433. t|5, 4H2. 7M 
('ajo’s acid. 1*93 
t'assilentc, t>oi 

C'assnis. purpU' <d, 474, 603 
Cast iron. 77X* 

( astiKT process, 434 
Castner*Kellner pr<K**ss, 43H 
i alxdysis. 212 

— •, helenigcneous, 2Sy 

-, bonioRems'Mis 21 j 

—. neKalive, 217 
(iitaphon^m, 2S2 
< uHkkIc de|K»sits. 2bS 
“ ravs, 3«)o 

Calhoilir rc*diKlion. 21*7 

(VIestiiv, 4S<j 

t'«'ll, I'oiidiirtivily. i|| 

- eU'cliolvlic. 437 
—. standard. 348 
. —, storasc, 2tK) 
t Vhiuiii, 593 
eVinrnt. 492 
CVfncntite, 770 
Cerium, 542. .S5t>, 495 

(<im}wKinds, 542. %%<"*, 595 
CuniSsite, Oio 
Chain-rcaclions, 217, 273 
t lialccx'Uc. 4*) 5 
Chaloipyrite, 455 
t halh. 25. 488 
IC hainlicr n vslals, 680 
Charcoal. 287, 560 
; i'hailcs's law. 93 
Cfieiatc c<jmjioun«ls. 330 
I Chemical ahimty, 220, 226, 256 
Chile saltpetre, 450, 748 
t'hina clay, 40^* 

Chines chemistry, 8 
('hloramine, 402. 40 j 
Chlorates, 365, 740, 742 
ChloiauTitcs, 474 
Chlorazide, 40H 
Clilondes, 423, 736 
Chlorinr, 723, 730 

- Ciimpoumls, 723, 730 
<lioxidc. 738 
fluorides, 729 
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Chlorine heploxidc, 736 

-hydrate, 732 

-isotopes, 31V 

-monoxide. 737 

' — water, 732 
Chlorites, 730 
Chioroaoinnonalos, 654 
ndorofcrratcs, 701 
Chlorophyll, 271 

Chlorosu I phonic acid, 417, 690, O93 
Chromates, 7og 
Chrome alnm, 707 

— iron ore, 703 
— — yellow, oii 
('hromic c<H>ipi>un(U, 705 
Chromite, 703 
CUromiU's, 7tK) 

Chromium, 702, 703 
—, aminiTio complexes of. 70R 

-comjKmnds, 702. 703 

Cliromoua comiKninds. joh 
C'hroinyl com|Mninds, 711 
Chrysocolln. 455 
Cinnabar, 50? 

('laiide process, 3 (k>, 391 
Clny, 58t 
Cleveite, 42ft 
('oaftiilation, zHi 
Coal, 5O1 
Coal'Ras, 562 
Coal-1 ar, 362 
Coalite, 363 
ColiaU, 771, 798 
-, ammino complexes of, 351, 802 

— - carbonate, H04 

— - raihonyls, Ro.S 
-compounds, 771, K02 

• - -, cyano complexes of, 807 

-halides, 203, 804 

-nitrate, 807 

-oxides and hydroxides, S02 

-sulphates, Hob 

-sulphide, 80O 

Cobalt ini tr itc*s, S07 
Cobaltile, 799 
Coke, 561 

Coke-ovens, 359, 563 
Colcmanite, 521 
Colloids, 276 

Colour of solutions, 161, 203, 209, 460, 
805 

Columblle, 770 
Columbiucn. Ser Niobium 
Combustion, heat of. 223 
Complex ions, I 07 . 


( omplcx salts, 197 
ComjKuient (phusc rule) , i^>3 
Compounds, 59, 176 
ConcentralioD cells, 230 
C<»ndaciivity cells, T44 
-titralion, 2(>4 

water. 144, 191, 368, 602 


C^mducliMty, electrical, of solutions, 
143. -b 4 . 314 

-. eg III valent, 145 

- >-, iiioleciilar, 14 s 
-. spccihc, 145 

-, thermal, ol toast's, 09 

Consecutive reactions, 121 
Conservation of enerRy, 94, 2Jf> 

-of mass. 45, 62 

Constaiit-lvuling mixtures, 170, 733 
Constant compositKui, law of. 49 
Constantan. 45S, Hot 
Contact pnKi'ss. 124, 240. 6Hj 
CtHilmR curves, 1 74 
OxirdniAte huk. 34^) 

(*<>-ord I nation com|XJundR. 3^5 
Co-ordination, in crystals, 92 
rojifKT, 435. 45 « 
amalgam, 517 

-, ammino compleXf i 90 i 4^0 

-arsetnte, 641 

— ecjmpounds, 439 

-• , cyano cijmplex, f08, 252 , 492 

- -, detection and eslimatum, 4O7 

- — hydride, 62C» 

-ions, 459, 403 

! - - oxides and hydroxides, 462 

- -- phosphide, 022 
^ - - pyntos. 455. 792 
- retining, 26^1, 437 

- —, scjwation from ^adinium. 19S, 

4<i2 

Corrosive sublimate, 513 
Corundum, 533 
Cosmic rays, 30^) 

Covalency, 334, 343 
CnstobaJite. 583 

Critical solution tempprature, 171 

- — temperature, ro2 
C'rocoisitc, 703 
Crocoite, 703 

Crvohydnc tempera lure, 179 
VryaUic, 529. 53O, 726 
Crx stalJoids, 2S0 
Crystals. 81 

-. liquid, Q3 

packini^ in. 9T 
Cu(>cllaUoa, 469 
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('ijpric 40H 

-carbonate, ^6t> 

-cornpoimds, 

ferrocyanulc. 4O7 

-hahdcs, 4(>o, 460 

-nitrate, 467 

-oxide and hydroxide, 4O3 

' — sulphate, Hr, 

-sulphide, 4f>6 

('uprite, 455 

C'ljprous acelybde, 4t>5, 560 
•• •• compounds, 464 

- rvanuU’. 4t»i. 4<»> 

- luilidcs, 4^>i, |t>5 
qvkUv 402 

—— sulphate, 4A5 

~sulphiilt*, 4O5 

— thio»*y,iuutc, 4^‘5 
r\,uiiiU*b, s^o 
( yaiiitlcs, 57t) 

(;>ano*?en, 570 

T^aliorri atomic Uirorv, 3^. 

-law of fiarlial presHuie, »>•> 

Ihinidl cell, 24^, 257, 202, 4(a 
Deacon process, y\\ 
lh*^(iees of freedom. JO5 
DhIkhu'scoiico, 

Di'Uu“iiiotal, 45H 
l^rplilogisticaW air, 27 
Jlovitriiicalioii, Hi, 5H5 
Dialysis, 27<> 
iMaiaoml HH, 225, 55H 
Dias pore, 554 

DiaxoacvUt csUt. 212 
l>i bora lie, 525 

DiclironialfS, 7 o<) 

Dielnlric constant, 105, 15S 
Diffusion, t)K, 311# 

Dtlution law. (>st\said’s. 147 
r>imethvlRU*oKmie, 7811, Ho<j 
Diplieiiylatiiinc. 710 
Dipolo niouient, 335 
Discharge tubes. 

Disilanc, 5S3 

I disintegration the<>r\*, 306 
Disperse pha^e, 277 
Dispersion coethcient, 2H1 
Distillation. ibH 
— -'in steam, 171 
Distributiuii law, 170, 200, 2TJ, 733 
' of molccukir veIotiti«*s. y .f, 23 H 
DissocuUion constants, i p\ 1H2, 184 
-, heat of, 242 


841 

Dis.suciatuHi. theory, 141. 149, i6j 

1 >illiionat(*s. frt}2 

Dithtonites. injo 

Diiiranatos. 720 

Dolomite, 4H2 

Itonhlc salts, 107 

Dri,* cleaning, 57H 

Dry ice, 574 

IdryiTie. mtcnsite, 215 

Duloiig and IViii's law. 66 

Diinws' \ .ipaiir-ik*nsity method, 72 

Dutaliiimn, 532 

Ihist r<*moval. <*84 

Dw.irl slam. 300 

Dyeing, 2H() 

Dynamic ecpnlibnum, iit 
Dyscnisite, 468 
Dvspr<isuim, 542 

liarltis. alkaline. 484. 48%^ 

- - . raw. 51U. 5 ‘ib 
Mdison Jii II Mill la lor, 2^8) 

Ulilon*s(*em'c. i<»8 
b^gvplinn (hemistiv. 6 

h instoirrs pliotochemical law, 272 
Mka-c;*esium (frammm], 431 
J'.K*<tr'tal condurtuity. 143. 201, 200, 

212. 2 e» 4 . 344 

-work, 253. 25(1 

I'h><.tro-analysis. 205 
khitrochcinicul senes. 254 
Klnctffxle, hydrogen, 250 
. skiiidard. 240 
Kkxirode )>otcntiaU, 250 
ICIettroKsi^. la\ss of, 142 
Khxlrolvtes, 143 

- . t ulluidal, 285 
ICUxtrolylic oxiilation. 259, 267 

- preparat lous 207 

— - r(*d net ion, 259. 207 
^*k•ctf^»^let^e titration, 203, 629, b8g 
Klcclron, 2Q, 207. 393 

• - spin, 3.?b 

l•'lelt^)lllc cliatge, 143 

-c>rbits, 32*1 

-theory of valency, 335 

KlectftiplatinR, 26H 
Klectrotsyie, 260 
KIcetrovalency. 334 
HIcktron. 4H3 
Diement, 7, 17, 59, Of 
Flements, disintcgfatjon of, 320 

- lists of, 315 
hlixirs. 14 
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JCnfluthtTmic rcachons, 221 
Knergy, conservation of, gj, 2i«> 

-of activaixon, 2yj 

•“— of reaction, 220 
Entiopy, 227 
Kosm, 

Kpsoin sail, 487 
Hquilibralor, iSi 

Ei|ui)ibnujn-anislanl, tT2, 227, 257 
K<]utUbrium. dynamic, 111 
E<|uivalftnt, 75 
Krhium, 

Esters, liydmly.sib ol, xio, 213 
Ktlianc, .^65 

Htliyl orlliocarlxonate, ^75 
Hthylonc, «J7, 'y>o. 51 >5, 

— rtjamme, 351 
Eudionietry, 70 
ICuropiuni. 542 
Eutectic, 173 

-arrest, 173 

Evaporatuin, 102 
Exhalation theory, 0 
ExotiicTinic reactions, 221 
Explosive rt'actions, 23<> 

Extraction ()»y solvent h). 185 

Eajans' theory, ibo 

Faraday (unit), J43 

Faraday's lav^s of cU'clmlyRis, 142 

Fatty acid films, 106 

Folding's BulutiOii, 190, 4 C»t 

Fevrates, 785 

Feme alum, 794 

— ammonium snlpliatp, 79j 

— - rarbonalr*. 7H9 

— •— comj>ounils, 786. Ste also Jron 
-halides, 789 

nitrate, 794 

— — oxide and hydroxide, 7S3 

--phosphate, 795 

-sulphate, 704 

-sulphide, 792 

-- thiocyanate, 798 

Ferricyanidcs. 795. 797 
Ferrites, 785 
Keiro-maagaTicse, 7O0 

-silicon, 582 

-titanium, 588 

— ••• - vanadium. OO2 
Ferrocyanides, 705 
Ferrosoferric oxide. 784 
Ferrous ammonium sulphate, 793 

— carbonates, 789 


hVn<j□ s coni| m) iind s, 7 80. Sec also 1 u m 

-halides, 789 

- nitrate. 704 

— - oxalate. 782 

— — oxide and hydroxide, 782 
-plujsphatc, 795 

-sulpha In, 793 

— — .sulphide, 792 
• — Ijtaiiale, 5<io 
Flint, 581 

h'UjouluTninates, 536 
FliiolKirates, 52H 

Fluoferrales. 791 
l''liiumaiigana(es, 7U1 
FhioiimliHtes. iMnj 
Huorescem. 289 
Fliinrcscence. 270 
Muorules, 7 28 
Fluorine. 723. 725 

- — oxuli'A, 729 
FliJoiNiKir, 49^. 72<'» 

-Mructiire, 

Fliiosihcatcs, 589 
Fluotuntalate.s, OOo 
Formal ion, heat of, 225 
Frac'lioiuil dM dial ion, j6<j 
F rancium, 431 

Free energy. 228, 229, 231 3 
—- ol formation, 235 

l•V<‘edonl. d< grix*s of, h« 5 
Freezing-mixtures, 178 

-peunt. 109, 173 

--point ol Stiliilions. 136, 203, 212 

Ft ledel and Crafts' reattaoi. 214 

Fulminating gold, 475 

^ ^ silver, 4 71 

Fuming of acids, 735 

Fused salts, conductivity of, 344 

Gadohnitc, 543 
Cadobnium, 542 
Gaillard tower, 687 
Galena. 4O8, 007. hi2 
Gallium. 519, 548 

— comjKJUiuls, 519, 348 
Cialvanized iron, 268, 503 
Gamma-rays, 306 
Ganueritc, 799 

Gas carbon, 561 
Gas laws, 94 

Gas mantle. 545, 596 
Gases. 80. 93 

; - - •, kinetic theory of, 93, 237, 279 
I-, liquefaction of, 97 
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SUBJEC 

Gases, perfect, <)f\ 

— solubility, 1^3 

- —, specific )ieats, hS, ifM> 

-, thermal comliicitvuy.«/) 

*-, viscosity, leu 

Gay-Lussac lower, oS6 
Gay-Lussac's law, 50, 03 
fieigor's law, 310 

German silver, 45S, Sm 
Germanium, 302, .vk> 

—— cotnpouiicls, so<i 
Getters, 435 

GihbS'HelmhoUz ef|uat>ons, 230, 24^ 

(iibbsitc, 4^4 

Glass. «i. 525, 585 

Glover tower, fiKfi 

GUi c I n u m. Sve Hi' ry 1 U11 in 

(FOltre, 749 

(Inhl, 473 

' anialKam, 517 

rollnicliil, 2S0, -»Mf> 

-rorn|hHmils, 475 

- evano complexes, 475 
liistnry <>, 14 
• - jiliosphidc, fi2i 
(iolclschmidt inocm, 533. 538 
(ionionicter, 8r 
Gossaje's process, 438 
Graham's law ol liiftiision. oS 
Grapliite, Ko, 223, 55*^. noS 
Greek chemistry, 7 
Gr«ni jolin, 495 
Orwiioekile, 501 
Gnpnard compounds, 4^1 
Guano, 500, <>15 
Gunmctal, 602 
Gunpowder, 450, O75 
Gypsum, 488 


Haficr-TViscb process, 3R8, 7SJ 
Haematite, 775 
Hafnium, 542, 556, 593 
—— compounds, 55(1, yi] 

Half-life period, 120, 307 
Halo^^cns, 723 
Har<l<*ning of fats, 205. 

Heat, mechanical e<|inMxlrnl cd, 220 
—^ of combustion, 223 
--of dissociation, 242 

- - of formation, 223 

--of iioutrah7Hti<*n, i<>3 

—^ of reaction, 220, 257 
-of solution, 2|2 

— theorem, Neinsi’s, iii 


INDEX 

lU*avy-8par, 48^ 

Helium. 420 

Mcnr3''s law, iSo 
Ili'ss's law, 224 
llittoifs plMwphorus. bi; 

Hi>finann*» vaiKuir cloiisity method, 72 
Holinuim, 342 
IlydiaU-s, 131 
Hydration of ions, 134 
Hydra/inc, 403 

— ” comjxninds, 403 
Hy<!ri<lc's, 363 
llydrofhiorides, 72K 
Uydn>cen. 349 

-, atomic weight, 77, 327 

-bomis, 103, 104, 3f>7. J90 

He*trmle. 250, 2f>3, 30 5 
M>n, caialvHiH, 212. 215 

-. con cent ration, 194, 204, 

2t)2 

- —hydiation. 215 
-. inobilily, 154 

iMfiiefaction, gK 

-, nasren , 3O5 

, oitho- and para*, 362 

- civiT-Noltage, 2<*0, 51b 
siK'Ctrum, 329 

- • , valency <d. 3<»7 
IGtliogeu antmionide. 650 

- arsenide, 639 
-bftmiide, 724, 745 

-— , phot! tell cm ical decomposi- 

turn, 272 

- cldoride. 724. 733 

--, dluiluihc, 215 

—— , distiibutiou, 183 

. photochvmKal synthesis, 

•*' 7 . 273 

solvation. ri>o. 214. 343, 

71 ^* 

- - —, syniheais, 217, 273 

- - cy'anide, 379 

' — fluorido, 724. 727 

-, association, 104, 724, 727 

-iodide. 724. 752 

oxkIp. See Water 
-- • ppioxitic, 378, 514 
--—a-ssoctalion, 104, 380 

— •—-—stability, 290, 380 
-jKTSulphidcs, 1*77 

-phosphide's. 920 

— •iclenidi*, O71, 097 

— sihoides, 5X2 

- Milphidc, ojf, r>75 

-* —. precipitations with, 194 




SUBJECT INDEX 


844 

Hydrogen telluride, 671. 700 
Hydrogenation, 293, ^2 
Hydrolysis, 203. 2O2, 36g. 737 
llydronitntes, 417, 420 
Hydroxidea, 373 
Hy<lroxvl ion. catalysis hy. 312 
Hydroxylamine, 405 
- — compounds, 406 
Hydroxylic s<jlvenl5, isO 
>lypoantimonnti'S. £>31 
Hypobromites, 747 
HypochlonU'S, 739 
Hypoio<iHc». 754 
HyponUntPS. 4 J 7 
Hyfw^ihoiphalcs. <>27 
Hypojihosphites. ^35 
Hypovanadatos, oi»i 
Hypovatiadous cOTU)K>un<l$. (163 


latrochemistry, 15 
let*, 301, 368 

-, structure id, 103 

—. vapour pressufi'. 1O7 
Ice calonmcter, 224 
lodand spar, 4^6 
Ilrnenite, 388 
Imides, 401 
Indian chemistry, 8 

— ink. 5t»s 
Indicators, ac(d*base. 305 

-, adsorpUon, 389 

-, radioactive, 330 

Indium, O9, 5ig. 349 

-compounds, 519, 550 

Induction period, 274 
Inert gases, 4 28 

-atomic numbers of, 338 

-- ■, —'— stnicturus of, 330 

Inhibition nf reactions. 125 
Inhibitors, 217 
Ink, 361, 563, 797, 805 
Inoculation {of solutions). i2g 
Intensive drying, 213 
Invar, 800 

Invariant systems, Htb 
lodales, 753 
lodazide, 408 
Iodides, 733 
Iodine, iiKi. 733. 748 

- acetate, 759 

•— bromide, 758 

-chlorides. 757, 758 

■ compounds, 723, 748 


IckIiiic cyanide, 7^3 

-flitorules, 730 

-Iij'droxidc, 7^1 

— - in poly halogen ions, 200, 447, 

7 ^■»• 75 >* 

— lodatc, 734 
- nitrate, 7 so 

— — oxides. 72 1. 7S4 

oxv*<'-ids. 7 S 4 

-|»or< hlorale, 72.| 

-sulphates, 7so 

loiiK charge, 143 

— wpiations, 18S 
-<HtiMlj|jrnim. 188 

-pi4Klm l of water, rgi, 741, 

•^. 5 H 

* —' T.ldO. <|2 

•— tlic*<»rv. 141, 140, lOJ, ^20 
Tomiini. 4CX1 

lomration in crystals. SI» 

Ions, complex. i<i7, 2hi, zfyf> 

— •. hvdratum ol. 134, ii>o 

• -.mobditv of. 14(1, 153 154, 

Indinm. 771, 814 

— - canipouiKls, 771, 813 
Iron, 771, 774 

-, alUdiopv. 89, 780 

— (allude, 300, 770 
-cailKfiiyls. 79s 

-com|>uunds, 771, 7S2 See al\o 

I'crnc and I'*errou8 

- disulphide, 792 

-ions, cfjuilibrmm between, 259, 

7«7 

- iiitndes, 7S5 

-oxides and hydroxides. 782 

-, prom<»ter action ol. 217, 218 

— - pyrites, 10, 792 
-silicide, 3 Ha 

--, stmetuTe of, 89 

— - - tungstate, 715 
Isoharic isotopes, 513 
Isobars, 318 

Isolmtyi alcohol, synthesis, 391 
IscNhore, van’t li off’s, 234, 237, 

409 

Isoryanides, 5S0 
isomerism, 343 
Isomorphism, i)9. 01 
Isutnp(s. 313, 318 

-, hst, 313 

——, separation ol, 319 
Jargon. 393 
I Jasper. 581 
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Jpiia pliiss. 525, 585 
Joule- 7 'liomson i‘X}>enmeni. nj 

Kaulin, 5^o 

KarlsruJic, (Vinpfress of. ^3 
Katharumeter, 99, 362 
Ketones. syiitliesiR, 301 
Kibaltu, 798 
Kiesente, 483 

Kinetic theory of j^ascs, 93. 337, 379 
Kirchhofls equal IC'D, 2|4 
Kolilratts^ii's law. ).|0 
Kohol. 

]<ryi>ton, 429 
KuIjI. 1)47 
Kitpfernjckel, 70B 

La]n])1)tfuk, 361 
l.aiitlsherj^tT's appmatuft, 130 
l^inthanum. 342 
La lent brat. 103 
I.allKe, cryslal» \<}7 
]>aue plH)to(jrnplis, K3 
Lau^»hing Ras, 4(1 

Lc Chateller's law, too, 122, 227, 400 
Lead, 550, 607 

acLumulHtnr, 

•—, atoiiuc weiRlit, 311 
eonipouniift, 55(1, i>o8 
• , clrsilveration ol. 4(>8 
isotopes, 312 
, red, 0o<) 
white, 010 
Load a^'clales, f>ri 
a/ide, 408 

• —— carbotiale, 610 

-chromate, 012, 711 

—halides, hio 

-'— hyiinde, hot) 

-molybdate, 713 

-nitrate, 612 

-- oxides and liydroxidrs, 

-pyrophosphate, C30 

• -- .par, 610 

- sulphates, r.j2 

• -- sulphides, 612 

— tetjacthyl, 217, f»o8, G12 
T^ldanc process, 451, 452 
Lcpidobtc, 433 
Lirscgani''s nnas, 711 
Liljenroth pixicess, 360, 6j6 
Lime. 25, 49 c 
Limestone, 491 


Liquid air, 371, 3H8, 429 

-anioKinia, 393 

-crystals. <>3 

——- juni (icni jiotcntial, 2 3G 
Liquids, loi 

* —, iniini«:il>lc, 170, 179 

- , uiiderC 4 »olc<l, 8] 

l.i<|iiulus, 172 
I.ithaigc, tHMi 

Lithium, 433 

— aliiminmin hydride, 523. 583 
' bromute, 449 

bioinide. 447 
larlxmate, 443 
' — clilorate, 44 s 

— clilondo, 440 
e<jm}iomid>, 43. 

.4let<x'tioiiuiid estimation. 454 

• diioiuii*. 44K 

— - hydride, 43 s 

•" * hydrcisidphide. 452 

• • hydroxide. 437 
-HHlidr, 447 

— ••• nitrate. 449 

— • rntridc, 430 

— riMdes, 4 30 

. jK’ii hloralo. 440 
phosphate. 430 
- sidplmlc, 432 

— - thiocyanate, iGn. 431 
I lest one, 784 

l^»w*tcnipcraturc carboiii/ailion, 563 
l.uminvsccnee, 270 
laipi spunia, 715 
Liitctiuni, 542 

^'aRna1mm, 342 
M«igncsia. 2), 482 
.Magnesite, 482, 4S6 

THagnesium, 4H2 

-ainmmuum pluisphatc, 487 

-andc. 408 

— lucarbemato. 486 
-Itondc, 524 

— — bnimidc, 487 

carbonate, 445, 486 

-rhloralr, 741 

-c hloride. 486 

-chromite. 705 

-compounds, 477, 483 

-fluoride, 486 
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Lmionite, 775 
Li(|uatHm, ii>u 

Liqucfactiuu of gases. 97, 359 
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Magnesium hydrogen carbonate, 485 

- hydrosulphide. ^87 

-hydroNide, 196, 484 

-iodide, 486 

-nitrate, 4 87 

— — nitride, 485 

-oxalate, 484 

-— oxi<le, 481 

-oxyridunde, 487 

-prrehiorate, 4K7 

—— pcroxiiie, 485 
phoK{)hal<*. 484 
—w- pyrophosphule, 487 
silicWc, 5H2 
—— sulphate, 4H7 
—^ sulphide, 487 

-tUTiKStatc, 717 

Magnetite, 775 
Mulaclute. 455, 4O6 
Malouic anhydride, 5<)8 
Manganatos. 7^7 
Manganese, 72,^^, 7f)0, 7^>i 

-unudgani, 761 

■ ■ blende, 700 

compounds, 721, 7^»f 77 ^ Sft 
also Manganic and Manganous 
—^ oxirlos and liyilroxidcs, 701 

— ■ telrahuonde, 7n7 
Manganic com^Kntnds, 

— halides, 7OO 

-oxide, 702 

Manganicyamdes, 7O7 
Manganin, 448 
Mangaiutc, 702 
Manganites, 7O7 
Mangaiiocyanido^, 7^0 
Manganous cartx>iiate. 765 

— ^ compounds, 7O4 
—^ halidi‘8, 7O4 
- nitrates, 7^5 

-oxide and hydroxide, 761 

-phospliatc, 7r»5 

-sulphate, 7O5 

-sulphide, 765 

Marble, 488 

Marsh's lest, 646, 050, 657 
Mass*actj(m, law of, 113.147, 180,189, 
233. 4 M 

Mass-number, 3x5 
Mass-spectograph, 69 3x3 
Masurnim. 739 
Matches, 620. 636 
Maximum work, 227 
Mel li tic acad. 5t>5 
-anhydride, 508 


Mel ling-point. 110, 163, 21s 
Membranes, sriiii-permcable, 133 
Mftrcunc com}>ouncis, 312 
Mercurous compounds, 509 
Mercury, 507 

-comi>ounds, 477, 509, st? 

-, halogen complexes, 199, 513 

678 

——, history ot, t2, 307 
— 10ns, 2 f>2. 500, 511 

-isouipcs. 320 

oxides and hydroxides, 508, 737, 
74 '*. 7 ii 

-peroxide, 509 

Mesomcrism, 351 
Mi'sothomini, 310, 596 
Mclastabililv. 167 
Met eon It'S, 774 
Methane. 3O2, 564, 

Methyl alcohol, as solvent, 148. u>o 

—-synthesis, 391, 371 

-sulphate, 4(15 

Microcosmic salt, 45T 
Mischmetal, s<i7. O08 
Mispickcl. t»38 
Mitsc herlichV test, 010 
Mixed crystals, qo. 133, 172. 17? 
Mixtures. Ut 

Mobile ccjmhbhum, law 0I, 114 
Mobihtv ol mns, 14O, 152 153. 1511 
Molar fraction. 130 
Mok'cular comtKiunds, 345 

-dej»r»«sioji, 139 

- vohiiiie. J02 

-weight, 71 

-, of ii<piid3, 101 

Molecules, 41 
MolylMlenite, 713 
Molybdenum. 702, 712 

--compounds, 702, 712 

Mona^ite s.*ind. 543, 5t)b 

Moud protess, Hjo 

Mouol metal, 438, 801 

Moiik-lrvs'in pnKess. 589 

Mortar, 4(12 

Mosaic gold. 6oh 

Moslem chemistry, 11 

Multiple proportions, law of, 49, 62 


Nascent hydrogen, 423 
Nelson cell, 437 
Ncotlymium. 456 
Neon, 429 
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Noon isotopes, 319 
Ncphclomeler, 78, 427 
Kernst'ft distributum law, 179, 200, 
733 

-heat tlirnrem, 342 

NossIct's soUihon, 315 
Nentralization, heat c»l. 193 
Noutron, 322 
Nichrome, Hr>o 
Nickol, 771, 798 
.ammonium sulphate, 806 

• - curbonalc, 804 

cArl>onyl. 799, 808 

• - - compounds, 771, 

Uimothylclyoxime, 809 
-haJjdes, 

' hexammmo dibronnde, 80/1 
. nitrate, 807 

-oxides and hydroxides, 803 

-siilj>hatc, 8oh 

' sulphide, 8o<> 

Nickclocyanides, K07 
Niobjuiu, 013, 

- compounds, OJ3, 607 
Nitramidc, 395 
Nitrates, 337, 422 
Nilralum. tlicory of, 125 
Nitric oxide. 354, 4m^, 412, 793 
Nitrides, 402 
Nitrites, 337, 41S 
Nitrobenzene, as soUenl, 150 
NitroRon, 3H3, 013 
—, ahiinir Vk<*i^hf. 425 

-chloricle, 423, 733, 737 

• '• <'yc*le, 3S3 

-, disintexFution of. 322 

——, fixation of. 3K9, 409 
--duorule, 423 

- iodide, 424 

- — oxides, 354, 409 

--- oxy;irKls, 417 

-- sulphides, 425 

Nitrobydroxylaminic acid, 412 
Nitrohm, 567 

Nitromcthanc’, as solvent, 158 
Nitron, 423 

Nitroso-compounds. 479 

Nitrosyl bisulphate, 410, oSb 

-haJidcs, 416 

-ion. 338 

Nitrous oxide. 294, 4H 
Nitroxyl halides, 410 
Nitryl halides, 416 
Non-aqueous solutions, 1.57 
Nordhausen sulphuric acid. 088 
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Nttfwcgian saltpetre, 411 
Nuclear chemistry, 323 

-spin, 33O 

Nucleus, atomic, 298 

'— , - . mass of, 327 

- ' , , stability of, 326 

riccliision, 77 

Octaves, law of. 43, 301 

<7loum. 684. 688 

Order of reaction. 115, 29.3 

-— -in surface reactions, 293 

Organic acids, lonizatiuu, 343 
Oqument. 637. 644 
Osmindium, 8119. 814 
Osmium. 771. 814 

— comjmumis. 771, 816 
Osmotic pressure, 133. 143 
<>smyl com|Nmnds, 817 
Ostwald’s diluticin law. 147 
(.>vef-voltafl:e, ^t>6, 516 
Oxalic aci(l, 5<»H 
Oxidation, 373 

Oxidation-rHuclion potentials, 259 

Oxides, 372 

Oxone, 437 

Oxv^en, 3(10. 371. 670 

, atomic weixld, 95, 371 
, isotopes, 32 f 

• . theory of combustion in, 37 
Oxj'^^en fliiondo, 729 
Ox\m iin.it K* acid. 730 
Onme. 221. 339. 374 

I'alUdium, 771. 809 
—— connwninds, 771, 811 
f*arachor, 104 
r.iracyanogen, 579 
I'iirkcr process, 563 
l^arkfs’s process, 46Q 
Partial pressures, law of, 99 
Partition law. I7<| 

Passu'ity, 423, 7H2 
Patronite, 662 
l*attinson ’5 process, 4 f >9 
J*carl-ash, 445 
I‘eat, 5(>o 
l^crboralcs, 526 
1 Vi carbonates. 577 
Perchlorates, 723, 743 
PerrhnjTnates, 712 
Perfect leases, 9O 
Periodates. 756 
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I’crioilic yi/, 34? 

-, anomalies, yn 

I'crman^jaiialcs, 7^3. 7^^ 

JVniiolyMales, 715 
IVrni<il>atcs, 

J'eroxjiks, 373 
l^cH‘f(nsj>Iiatcs, f>3i 
I Vrr lien HU'S, 770 
IVrruUietiatcs, Hi2 
J’<TSlllp)iaU‘S, (iQ2 
I'crsulpiiidcs, 077 
I'ertanlalates, Mm) 
l^crtilanates, 5<iu 
Periungfttates, 71H 
IVniraiiatos, 722 
l^en'anadatc, 

IVUlite, 433 
I'otrolnmii, 

I’ewtcr, Oni 
pit. Tg4 

I'liJUJc rule, 163 
i'hcnvl azifle, \<A 

j*10{>giftlt)n, iK 
iMiosgcne, 571, 57a 
Plnwpham, 4<»2 
l%>Mphatey, 02Q 
Plu)sphuli% 02i 
I'licsphine, 020 
Pl)ospbiU*B, 626 
Pliusphonium compoumK (m 
Phosphor‘bronze, 45H, 100 
Phospliorcscencc, 2 7«>, 020 
Phosphorii* aculs, 02H 
PlitisphorUe, oiO 
Phosphorus, O13, <115 

-, allotropy. O17 

-tomjxiunds, 0x3, 613 

-liahUes. 631 

— hydrides. 620 

- nitrides, 037 
-oxides, O23 

- c»xyaci<ls, 025. 631 

— -- oxyhahUea, O30 

- — sulphides, 630 
I’liosphoryl compounds, ^>3^ 
rhotoebemteal equivaUmt, law of, 272 
PUotoelet (ric colls, 697 
Photography, 274 

Picric acul, 422 
Pig *ron. 77O 
Pmk !«xU, 606 
Pitchblende, 312, 7lS 
Planck’s constant, 272. 320 
Toaster of Pans, 400 
Plaiinitc, Soo 


Pldtniiiin, 771, Hio 
-aTiimimMomplexes, 821 

— -, conductivity of, 202 

-—, constitution of, 34x7 

— *, isonicrisiii of, 330 

— - compounds, 771, 821 
l^Iuinbagcj, 

Plumbic com|K»un<fs. See Lead 

Plumbous compounds. See Lead 

Pneiimalic chemistry, 24 

Poisons, ratal v'l 1C. 290, 292, 294, OjH 

polarity (of links), 335 

Polanzntum, 248 

P<»lonmiu. 309 

ISilymcn/ation. 102 

}*ol 3 *ttiionatc 5 , 

Porous plug ext>erimcnt, 97 
PorjK'sute, 8io 
Portland cement, 492 
Positive rays. 298 
f^obitron, 322 

.SV^ I V> toss him 
Potassaraide. 401 
IViiasMum. 434 

— uhiinnimm snlphnic, 33H 
-anhmonate, hsi 

-aiHinionilc, 631 

• • > aiitimonyl tartiute, O51 

— a i'sciiaU'. 64 2 

— aisenitc, 641 

> • bu'arbonatir. 4 \o 
Womatc. 449, 740 
^ bromide, 447 

-bronioplufinatr, 8 23 

cadmiate, 504 

— carbonate, 443, 445 

— chlorate, 44 S. 740 

—^— chloride, 130, 446 
--, structure, 85 

—^ chlorwhromatr, 711 
chloroindatc, HiH 

-chloromanganatc, 767 

- chloropall^atc. Hi4 

-chloropalladite. Si 4 

— - cliloroplatmatc, 454, 823 

— chlororu then ale, S13 
chlororuLhenite, fiij 

-— rhlorosmate, 81H 

— chromate, 703, 710 

* • — chromite, 703 

'— ccdKilticyanide, 8*18 
-— cr>baltini trite, 8i>7 

— cidialtocyanide, So7 
k - - — compounds. 432 

; -- cyanulc. 453 
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rota^siuni, clelrcliotk and caliiiiatuni, 

A5,\ 

— Uicliromatc, yio 

--fcrricyajiKlo, 707 

- lerivx yajiicle, y<)ft 

—^ fliioantimonite, 053 
fluohoratv, 52S 
--fluo ferrate, 790 

— flu Oman g an ate, 7(»7 
fluomangaiiitc, 767 

— - fluoride, 44H 
-11 uosil irate, 4.18 

- tluotanUflalo, 1*67 
fluf'titanatv, 501 

-lipxahydroxyidutmale, 822 

-liydndP, 435 

• • * hydro^jeti rarbonalc, 4|o 

-- fluoride, 4 \\ y2*\ yzy 

— hydnisulpliidr, 45j 

• • - hydroxide, AM 

hy|v>anl\monutr, f»yT 

• — KXlalr, 44 <^ 755 

• - iodide, 447 

-KMjoplatmatc, 82,^ 

-nidate, ^ 

-— inOiutu Aidpluifi*, Sio 
mari.?anale, 7<'8 
nianganicyriiiidr, 767 

• > mAttKanf)cyauide, jtth 

— juerciin-imli<lr, 51.^ 
nitnite, 44<) 

— nitrifle, ^50 
•• — mlnte, 420 

nMnocyanulc. 816 
osmvl chlondi*, 817 
—- oMdcB, 

• oxyfluonudialr, i)»'7 
porcarbomilc, ^77 

— . pcrdiloralc, 81. i v. 440. 745 

— — periodates, 7.S<», 7S7 

permanpanate, 703. 7OH 

— pcrruthenalc, Hi* 

-pcrvanadaie. 

— phosphates. 450 
-pUtinaie, H22 

“ ^ pliinilvitc, t'lo 

• - rliodinitnlc’. Hi r 

— ruthenate, Soo, Hi 2 

— - ruthcnocyanuk*, Sio 
. — selenatc, 600 

— — sulphate, 451 
—sulpliUlr, 452 

— .. sulphite, 4St 
-tantalnte, 

— ' tliiotyanate. 453 


I'otossium titanatc, 500 

- i u upstate, 717 

-uranale, 720 

uramcim vanadate, 718 

-^incatc, 504 

eliMtiude; 250 
. ]i<|ui<l junction, 256 

-, oxidation-rediictioii, 250 

I'olcntionicter, 247 
l'’rasttKlynmim. 542 
IVi'Cipitation, 104 
IhrinU*rs ink, 501, 565 
l*rtKJu<(T pas. 580, 5(H) 
l*roTnethium, 542 
TVonuders, 217 
l*io|i*ciion (ofinUoids), 2S6 
Protoactiiiium. 310 
I’roton, 311 

(Nu'isian blue. 7<K», 707 
!*ru»*ir arid, 479 

IS( ndo-uiuniolocular tractions, 118 

l*unty. c nkTia ol. 173 

Tiirplr «rf t‘;issjus. 474, fK)3 

l*yMrpvntr. 40H 

Tyrex phiw. 5H5 

l*\ioUisile, 7O0 

I'yrnplionc 5'*7 

Ounnium niimlK*rs. 320, 347 

• -• llMSH V, 272, 329 
ihKilt/, 581, 5H4 

- struct lire, •/> 

Qmnone, (*Hi 

Kadioarlivc indiratoni, 320 

- - • scries, 308 
l^adioactivity, 3<H 
K.idiothonnm, 310 
Kaduini. 305 

* — coui|wninds, 477 
1<a<lon, 307, 43<» 

Hare earths, 310, 542, 306 
J<eaction chains, 217, 273, 203 
Hcacliou, heat of, 220, 257 
•** -, order ol, 115, 203 

-, velocity of, in, 237 

Heactions, bimolcciilar. 120 

- * , COnSOCUtlVr, 121 

, endothermic, 221 

cxothcrmir, 221 

. explosive, j3o 
. in electric dis* barge, 270 
, nuclear, 325 
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Keaitirins, jiseudo-uniniolecular, 118 
_, revprsibU*. i co 

_, unimolrtTuliir, 117. 3^® 

Kfalgar, 637, t>45 

Kocalcscenct*. 7^“ , , . . 

Keciprocal projK)rtM>ns, law ol. $<>, «• 

133 

Red lead, Oog 
Reduction, 373 

Refimng. electrolytic. 260, 457 
Refrigerators, 97 ^ ,x- 

Resonance (quantum mechanical). 353 
Reverberatory furnace. 777 
Kovcrsibli! process.**. 2 ad 
. - reactions, no 

Rlienium, 723. 759. 77^ 

_compounds. 77*^ 

Rhodium, 771. Hoo 

. — c<jm)HjmuU, 77'♦ 

Rt>ck crystal, 5^1 
Rubidium, 433 
. hnnnalc, 449 
bromide, <rt»7 
. . - carbonate, 443 

— chUrt-ate, 44^ 

—- - chloride, 447 

— - chloroplntinute, ^23 
. — coinpoumb, 432 
_^ detection and estimation, 453 

— - 11 Hondo. 44^ 

-hydride, 435 

_hyOrosulplude, 45^ 

—. hydroxide, 437 
icxlidc, 447 
—- nitrate, 4 49 

-nitndc, 450 

oxides, 43b 
perchlorate, 440. 743 
-pcrhalides, 44^ 

— - phosphates, 450 
_silicomolybdate, 433 

— sulphide, 452 

_tetraclilonuodiic, 759 

-thiocyanate, 433 

Ruby, 333 
Rust, 7S1 

Ruthenium, 77». w 

-compounds, 77*. ^ 

Rutherford-Bolu* atom, 329 
Rutile, 5^8 


Salt, 445 
Samarium, 542 
Samarskite, 431, 543 


Sand, 

Saiidanurh, 637 

Sapphire. 533 

Scandium. 519. 540 

_c<>m(>ounds. 5*9. 54 0 

Schecle s green. 041 
Schcelite. 715 

Si*edmg (of solutions), 120 

Sidcniuni. 670. 605 

^ «- comjwunds, 070, oyo 
Scnii-water gas. 57^ 

Serpek pnicess. 535 
Sdane, 5B3 
Silica, 5»3 

Sdicatcs. 90, 584. 7« 

SiUcoaldfUyihs*, 5H3 
Sdicochloroform, 5H7 
Silicocthaoe. 5H3 
Sdicociliers. 5^3 
Sihcomclliaoc. 583 
Silicon. 5H1 

— carbide. 500 

-clilofidos. .587 

- - e<>m|Knmds, 550, 581 

— dioxide, 5>i3 

— liakidfH, 58(1 

_hydrides, 58 2 

_monoxide, 585 

— phosphate. 587 
SiUcopropanc. 5”i 
Sdundum, 56O 
Silver, 427. 4^7 

— acetate, igo 

-acelyUdc. 5^5 

— amalgam, 517 

— amidf. 395 . , 

— ammino complex, 198, 201. 

470 

- arsemte, 041 

— ar.ido. 40H 

-carbonate, 471 

-chlorate, 741 

-chloride. 471 

_cldoroplatmatc. 823 

_cliloroplatinitc, K23 

chromate, 711 

___ complex 10ns, 4 70 

-compounds, 47® 

__, cyano complex, 199. 47^ 

_^ detecUoD and csliinatioo, 473 

-Icrricyanidc, 797 

-fluorides. 472 

-, fulminaCing. 47* 

- halides. 198. 274. 47** 725 

-hyponitriic. 41S 
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Silver nitrate, 47j 

-oxuJos, 471 

-perchlnratc, 1K5 

-peno<late, 75b 

-pbospliates. 

--— phosphide, 621 

-sulphate, 472 

-sulphide, 472 

-sulphite, 472, 

-tell urate, 701 

-Ibiocyanatf. 473 

-thiosulphate complex. 452, (*)i 

Sin^fle electron links, 334, 339 
SmaltUe, 709 
Soap-ftlms, 107 
Soila. See Sodium 
Soda-hinr, 492 
Soda water, 573 
Sodamidc, 401, 40H 
SoUuini, 434 

- acetal e, 204 

• iOumiiiale, 535 
amal^jam, 5M> 

• — amide. 401, 40H 

• ammonium hydrogen phosphate, 

' antimonate. 652, t>S 5 

-antimonitc, (>51 

-ajReatcicyaniiio, 4O8 

• arsenale, ^>42 

-arsi'nide, o^o 

-arsc'nitcj, (>\t 

• - — a/iile, 40S 

-bicarUmate, 441, 443 

-bisulphalo, 451 

. ^ bisulphite, 452, t>iK>, 74S 
bnimatc, 440 

— - briimule, 447 

-carbonate, 441 

chlorate, 44 H, 741 

— cldorHle, 130, 445 

-- ——, puntication ot, i<)rt 

-, structure ol, 80 

— — chromate, 711 

-cobaltmdnle, •‘'07 

— — compounds, 432 
-cyanide, 453, 508 

•—detection and estimation, 453 

-dichrornate, 711 

. ^ dithionitc, O90 

— diuranale, 719 

-- ferrate, 7K5 

-femcyaniile, 797 

-lerrile, 440 

-fcrrocyaniUe, 453, 79^ 
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Sodium fiuoaluminale, 329, 33(> 

-fluoberyllatc, 4H0 

-fluofcrrale. 7«)o 

-fluoride, 448 

-formate. 56H, 572 

-bexachlororliodite, 814 

-hydride, 435 

-Iiydoigen carbonate, 440, 443 

-— fluoride, 720 

-phoiiphates, 450 

•—' ^ - sulphates, 451 
- --sulphite, 451, 690, 74S 

— — liydronilnle, 420 
—_ hydrosulpliide. 432 

—> hydroxide, 437 

' hy|x>antinionate. <>51 
-hypochlorite, 730 

— ' - liyfionitrite, 41S 

.. .. |iy|M»phosphate, 027 
-itxlatc. 44<», 7tH, 754 

-KXllflc, 447 

— ' mcta]>hosph<atc, 031 

— — nitrate, 440. 7 i^ 

— nitrite. 420. 450 
oxides, 439 

— jicfhoralc, 516 

—j>ercafl>oimte. 377 

— . |>crchlorat«. 449, 743 

-jvnodates, 750, 757 

-iwrmangunatc, 708 

-(leroxidc, 436 

— — phosphates. 450, 629 

-l>yn>|>lko$plialc, 030 

-pyrosulphatc, 451 

-selenate. 699 

—^ silicate. 5S4 
— - sulphate. 451 

--. solubility, 130 

-sulphide. 452 

-sulphite. 451, 690 

-oxKlation, 21O 

-lantalaK^ O69 

-ietraburatc, 526 

-telraltiionate, <>92 

-thiocyanate. 433 

-thiosulphate, 452. 691 

-tungstate, 715 

^-uranate, 720 

--uranyl carbonate, 719 

--vanadate. 664 

Solder. O02 

5k>hd solutions. 172. 177 

Sols (colloidal), particle mass, 283 

-, charge, 282, 284 

Solubility, 128, 178. 179, 189, I«J9, 261 
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Sotubility ol Rases, 133. 180 


-of small particles, 2X2 

Sulnbili(y'product, IM3 
Solution, boat of, 242 
Solutions, I2H 

-, saturated, 115, 128 

-- solid, 172. 177 

Solvation, 15.1. 150. 182, 286, 31^ 
74*^ 

Sedvay procohS, 4|i 
Soot, 3^>l 

SfK'cific conductivity, 145 

- - • lirat, law of, W> 

- — — of Rases, 6S, MKi. 224 

- '• • inductive capucily, 103 
Spirit Uanscope. 307 
Stained Riass. 585 
Standard cells, 24H 

—^ electrodes, 240 
Stannates, <>03 

Stannic coiupownils. 603 .^ec ftUo Tin 
Stannites, 603 

Stannous compounds. O03 Sec aho 
Tin 

Stai^furt deposits, 133. 433. 446 
Stationary slate (pholochcnucal), 272, 

Steam disl I nation, 172, 376 
Steel, 778, 779 
Slephanite, 408 
Stereoisomerism, 351 
Stibine, 649 
Stibnite, O37, O46. O54 
Strontia, 488 
Strontianite. 489 
Strontium, 489 

-amalgam, 490, 517 

-carbonate, 493 

-clm^mato, 500 

—'— compounds, 477, 488 
lialides, 494 

-- liydnde, 490 

-Iiydrosulphidt, 498 

-- — hydroxide, 491 
—• - nitrate, 499 

-nitride, 494 

-oxalate, 489 

-oxide, 491 

-peroxide, 493 

-plUKHphale, 500 

-saccliarale, 402 

‘ — sulphate, 490 

-sulphide, 498 

Succinic acid, solubility, 242 
Sugar carbon. 361 


Sulphamido, 305 
Sulpliates. <>90 
Sulphide'S, 677 
Sulphites, O80 
Sulphur, O70, O7T 

— , aliotro)>v. 245, 672 

— — uimptniiuls, 970, 071 
— cli(»xide, 678 

- boJidcs, 693 
--- lu'ptoxule. (Ki2 

• . history. 12 

— nitrides. \2S 

- oxyhahdes. 1^14 
-- • pliospludcs, {%y» 

— - scjuiuioxrdo, Ooo 

- trioxuU*. 240, <»Sj 
Sulphuric aoKl See Acid, snlph 
Sulpiiurid coni] H»umis, (xt] 
Su|ierheulinR, 139, 107, iiO 
Sii|>cr4»\idrH. 340. 437 
Su)>crs«U urn lion. 129 
Siirlacr tension. i<»4 
Surfaa's. h.icIkmi.s <»n. .ioi 
Symbiotic liactcria, 384 

Talc, 482 
TniiniiiR, 287 
TunUliie, ittij 
Tantuluiii, (aj, 6O7 

• com|wninds. 013, CiOy 
'i'ar, 502 

Tartar emelit, ^51 
Technetium, 723, 759 
Tellurium, 670, Cki<) 

-comjKiunds. (>^} 

Ten SI meter. 74 
Terbium, 542 

Termolccuhir rcactuiiitJ, 121 
Telraboranc. 523 
Tctramcthyl base, 378 
Thallium, 319. 531 

-com|iounds, 319, 352 

Thermal conductivity ol gases, ) 
Thermit, 533 
Thermodynamics. 219 
Thermos, 224 
Thioaolimonitcs, 633, O60 
Tliioarsenatcs, 645 
Thioarsemtcs, O45, 660 
Thiohismutlitti^, 

Thiocyanates, ionization of. 160 
lliionyl compounds, 694 
Thiostannates. 606 
Thiosulphates, O91 
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Tlioriuin, 310, 5^2. 55(>. 505 

- compounds, 55^, 505 
—^ emanation, 310 

- — radioactivity, 310 
'J’liorvcilJle, 340 
Tlioryl compcninds, 5(^7 
Thulium, 342 
Thyroid gland, 749 
Thyroxin, 740 

Tin, 53^1, f»oi 

. allotropy, T67, 2f»l, (toi, Tir.] 

- amalgam, 517. wij 
compoxinils, 33^, i«o3 
• * • halidrn, 201, <H>4 
•— liydrulft, 603 
ions, 260, fK>3 
nitrates, ^><17 

- — oxides and livilroxulcs, ^*03 

• aii)pli«tt(*s, tK>o 

-sulpimles, OuO 

lineal, 520 
Tincar, 320 
Tinstone, t>or 
TitHmuiii, 330, 3SS 

compounds, 55h, 5S0 
Titration, 2fH> 

—conductivity, 7^7 

- —, electrometric, 

Transference nnmher, 130, 202, 233 
Transition elements, 304, 014 771 
Transmulalmn, 10 

Transport iiumlKf, 130, 202. 255 

Triads, 301 

Trichlorosilanr, 3S7 

Truly mile, 3S3 

TTi-u>dulo Jon, 201 , 203, 74 *) 

Tnplr prnnt. iW» 

Tnsilanc, 3H3 
Tioiitoii's rule, 102 
Tungsten. 702 713 

-compounds, 7*12, 713 

TnTOlnill's hluc, 707 
Tyndall rtlert, 276 
Type-metal, G02, <»S7 

Typical elements, 30 \ 

tdexite, 52T 
Idtraceiunfugo, 2^^4 
Ultramicroscope, '27(1 
Undercooling, ihy 
Unimolocular Uj er, iof>, 200, 202 

-reactions, 117, 126, 308 

llranium, 702, 718 
—^ coni|XJunds, 702, 71S 


t’ranium radioactivity, 305, 308 
Uiea. synthesis, 3911 

Vacuum cakinmcfcr, 224 
Valency. 75, 2t>2 
-—IliiHiry of, 331 
Vanadium, 013, (>f)T 

--compoiriuls, 613, 663 

van dcr WaaK <*<l««tion, ft(> 

>an*t n«dJ. iM«bore, 234. z\7. 409 

V SI I Min/at ion, latent heat of, J02 
Vapour d«’nsify. 71 

— pressun*. 133 
Vel*K*ilv of Teaetion, lU 237 
Venligns, 438 

Verijiilioii, 315 

V ic tor M e>M *1 *> v apoi 1 r- d« msi I y m e 1 1 1 o< 1 , 
73 

Vivosifv of fuV'd s.dts, 344 

-ot gases, loJ 

— of liiiiiids, 103 
' of soliitKills, 1.34 
Vitnol. See Acid, sulphuric 
Vide lino cxiKTimcnl, 703 
von Wei muni's theory, 2M 

Walden*? rule. 131 
Washing jumdeis, 443, 527 
Water. .4(18. 373 

catalysis by, 213, 201 
-- . composihoii. 75 

-, conductivity, 144. 191, 368, 602 

• coiLStitidum, 103, 3(18 

— . hardness, 37<». 540 

-, ionization. 191, 241, 238 

. natural, 3<»8 
—, punficatum, 287, 378 
\Va 1 ei.g«a.s, 389. 5h2, 570 
\valcigla.ss, .383 
Wt'issgolderr, 

Weston cell, 248 
Wcblron. .378 
Westrosof, .378 
Whale oil. So2 
White lead, tiio 
WiIl-oMhc-'VLSp. 62 T 
Will emit r, 301 
Wisniath, (»5h 
WitliiTitc, 4 89 
Wi^Uram, 71.3 
Wolframite, 715 
Work, ek'ctrical, 2.3.3. * 3 ^* 

, TTiaxnnum, 227 
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Wrought iron, 777 
Wulfenilc, 7f3 

Xenon, 420 
X-ray spectra, 300 

-spectrometer, ft? 

X-rays, rJiffractiou, 

-, scattering, 300 

Ytterbium, 542 
Yttrium, 542 

Zeolites, 540 
Zme, 501 

-, ammino comi^ex. 504 

- • ammonmm phosphate, 506 

- - blcnile, 501, 54K, 549 
• — rarlwnate, 504 


Zinc compounds, 477,503 
-, cyano complex, 501 

- ethyl, 502 
-halides. 505 

- — hydroxide, 50J 
— nitrate, 500 

-oxide, 503 

-peroxide, 504 

-pliospluilc, 506 

- — pyroplKwplialf, 50(1 

-, separation from cadmium. 196, 

507 

sjxir. 501 

- — sulphate, 306 
' — sulphule, 50O 
Ziiicatos, 504 
Zircon, 593 
Zirconiimi, 550, 593 
-compounds, 556, 503 










